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Theory and phenomenology of an exceptional supersymmetric standard model
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We make a comprehensive study of the theory and phenomenology of a low-energy supersymmetric
standard model originating from a string-inspired Eg grand unified gauge group. The exceptional
supersymmetric standard model (ESSM) considered here is based on the low-energy standard model
gauge group together with an extra Z' corresponding to an extra U(1)y gauge symmetry under which
right-handed neutrinos have zero charge. The low-energy matter content of the ESSM corresponds to three
27 representations of the Eg symmetry group, to ensure anomaly cancellation, plus an additional pair of
Higgs-like doublets as required for high-energy gauge coupling unification. The ESSM is therefore a low-
energy alternative to the minimal supersymmetric standard model (MSSM) or next-to-minimal super-
symmetric standard model (NMSSM). The ESSM involves extra matter beyond the MSSM contained in
three 5 + 5" representations of SU(5), plus three SU(5) singlets which carry U(1)y charges, one of which
develops a vacuum expectation value, providing the effective u term for the Higgs doublets, as well as the
necessary exotic fermion masses. We explore the renormalization group flow of the ESSM and examine
theoretical restrictions on the values of new Yukawa couplings caused by the validity of perturbation
theory up to the grand unification scale. We then discuss electroweak symmetry breaking and Higgs
phenomenology and establish an upper limit on the mass of the lightest Higgs particle which can be
significantly heavier than in the MSSM and NMSSM, in leading two-loop approximation. We also discuss
the phenomenology of the Z’ and the extra matter, whose discovery will provide a smoking gun signal of

the model.
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L. INTRODUCTION

Despite the absence of any evidence for new particles
beyond those contained in the standard model (SM), the
cancellation of quadratic divergences [1] remains a com-
pelling theoretical argument in favor of softly broken
supersymmetry (SUSY) which stabilizes the electroweak
(EW) scale and solves the hierarchy problem [2] (for a
recent review see [3]). SUSY also facilitates the high-
energy convergence of the SM gauge couplings [4] which
allows the SM gauge group to be embedded into grand
unified theories (GUTs) [5] based on simple gauge groups
such as SU(5), SO(10), or Eg. The rational U(1)y charges,
which are postulated ad hoc in the case of the SM, then
appear in a natural way in the context of SUSY GUT
models after the breakdown of the extended symmetry at
some high-energy scale My, providing a simple explana-
tion of electric charge quantization.

An additional motivation to consider models with softly
broken SUSY is associated with the possible incorporation
of the gravitational interactions. The local version of
SUSY (supergravity) leads to a partial unification of the
SM gauge interactions with gravity. However supergravity
(SUGRA) itself is a nonrenormalizable theory and has to
be considered as an effective low-energy limit of some
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renormalizable or even finite theory. Currently, the best
candidate for such an underlying theory is ten-dimensional
heterotic superstring theory based on Eg X Ej [6]. In the
strong coupling regime of an Eg X E} heterotic string
theory described by eleven-dimensional SUGRA (M the-
ory) [7], the string scale can be compatible with the uni-
fication scale My [8]. Compactification of the extra
dimensions results in the breakdown of Eg down to Eg or
one of its subgroups in the observable sector [9]. The
remaining E} plays the role of a hidden sector that gives
rise to spontaneous breakdown of SUGRA, which results
in a set of soft SUSY breaking terms [10] characterized by
the gravitino mass (mj,) of the order of the EW scale.!
Although the theoretical argument for low-energy
SUSY is quite compelling, it is worth emphasizing that
the choice of low-energy effective theory at the TeV scale
consistent with high-energy conventional (or string) uni-
fication is not uniquely specified. Although the minimal
supersymmetric standard model (MSSM) is the best
studied and simplest candidate for such a low-energy ef-
fective theory, the MSSM suffers from the u problem: the
superpotential of the MSSM contains one bilinear term
wH A, which can be present before SUSY is broken. As
a result one would naturally expect it to be of the order of
the Planck scale Mp,. If u = Mp, then the Higgs scalars get
a huge positive contribution ~u? to their squared masses

'A large mass hierarchy between mj/,, and Planck scale can
appear because of nonperturbative sources of SUSY breaking in
the hidden sector gauge group (for a review see [11]).
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and EW symmetry breaking (EWSB) does not occur. On
the other hand, the parameter u cannot be simply omitted.
If « =0 at some scale Q the mixing between Higgs
doublets is not generated at any scale below Q due to the
nonrenormalization theorems [12]. In this case the mini-
mum of the Higgs boson potential is attained for (H ;) = 0.
Because of this down-type quarks and charged leptons
remain massless. In order to get the correct pattern of
EWSB, u is required to be of the order of the SUSY
breaking (or EW) scale.

The next-to-minimal supersymmetric standard model
(NMSSM) is an attempt to solve the w problem of the
MSSM in the most direct way possible, by generating u
dynamically as the low-energy vacuum expectation value
(VEV) of a singlet field. The superpotential of the NMSSM
is given by [13,14]

Wamssm = AS(H H,) + 168 + Wyssm(pe = 0). (1)

The cubic term of the new singlet superfield S in the
superpotential breaks an additional U(1) global symmetry
that would appear and is a common way to avoid the axion
that would result. However, the NMSSM itself is not
without problems. The NMSSM superpotential is still
invariant under the transformations of a discrete Z; sym-
metry. This Z; symmetry should lead to the formation of
domain walls in the early universe between regions which
were causally disconnected during the period of EWSB
[15]. Such domain structure of vacuum create unaccept-
ably large anisotropies in the cosmic microwave back-
ground radiation [16]. In an attempt to break the Z;
symmetry, operators suppressed by powers of the Planck
scale could be introduced. But it has been shown that these
operators give rise to quadratically divergent tadpole con-
tributions, which destabilize the mass hierarchy once again
[17].

One solution to these difficulties is to consider the
simplest gauge extensions of the SM gauge group that
involve an additional nonanomalous U(1)" gauge symme-
try. Models with an additional U(1)’ factor can arise natu-
rally out of string-inspired constructions [18,19]. In
particular one or two extra U(1)’ factors may emerge in
the breaking of a string-inspired Eg gauge group and the
phenomenology of such models has been extensively
studied in the literature [18]. Such theories may lead to a
U(1)" extension of the NMSSM in which a SM singlet field
S couples to the Higgs doublets and yields an effective u
parameter ~A(S), while the $* term is forbidden by the
U(1)" gauge symmetry. In such models the Peccei-Quinn
(PQ) symmetry becomes embedded in the new U(1)’ gauge
symmetry. Clearly there are no domain wall problems in
such a model since there is no discrete Z; symmetry. The
field S is charged under the U(1)" so that its expectation
value also gives mass to the new Z’ gauge boson breaking
the U(1)’; in other words the would-be PQ axion is eaten by
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the Z'. The extended gauge symmetry forbids an elemen-
tary u term as well as terms like 8" in the superpotential.
The role of the S* term in generating quartic terms in the
scalar potential, which stabilize the physical vacuum, is
played by D terms.

In this paper we explore a specific Eg inspired super-
symmetric realization of the above U(1) type model which
is capable of resolving the w problem as in the NMSSM,
but without facing any of its drawbacks. The total matter
content of our model corresponds to three families of 27;
representations, plus two Higgs-like doublets, consistent
with SUSY unification. A particular feature of our model is
that we assume that the E4 gauge group is broken at high
energies down to the SM gauge group plus a particular
extra U(1)y gauge symmetry in which right-handed neu-
trinos have zero charge and so are singlets and do not
participate in the gauge interactions. Since right-handed
neutrinos have zero charges they can acquire very heavy
Majorana masses and are thus suitable to take part in the
standard seesaw mechanism which yields small neutrino
masses. Having heavy right-handed neutrinos also avoids
any stringent constraints on the mass of the Z' boson
coming from the nucleosynthesis and astrophysical data
which would be present if the right-handed neutrinos were
light.

The above superstring inspired Eq SUSY model, hence-
forth referred to as the exceptional supersymmetric stan-
dard model (ESSM), provides a theoretically attractive
solution to the u problem of the MSSM since the bilinear
Higgs w terms are forbidden by the U(1), gauge symme-
try. This model contains three pairs of candidate Higgs
doublets H;, Hy;, plus three singlets S;, which carry U(1)y
charge. These states all originate from three 27; represen-
tations and couple together according to a 27,2727, cou-
pling resulting in NMSSM type superpotential couplings
of the form:

Wy = %/\zjkﬁiﬁuﬁzk- )
1

The breaking of the EW and U(1)y gauge symmetry down
to U(1),,, takes place when some of these Higgs fields
acquire VEVs. It is possible to work in a basis where only
one family of Higgs fields and singlets acquire nonzero
VEVs, which we can define to be the third family, and we
can then define S = 83, H; = H;3, H, = H, ;. We shall
then refer to the remaining first two families S;, H, ;, H,;,
with i = 1,2 as non-Higgs doublets and singlets. The
relation of the third family Higgs so defined to the third
family quarks and leptons is more model dependent, but in
the context of radiative EWSB (REWSB) it is natural to
associate the third family Higgs to the third family quarks
and leptons, since it is the large Yukawa coupling of the
third family which drives the Higgs VEVs. This also avoids
the appearance of flavor changing neutral currents
(FCNCs). Then, restricting ourselves to Higgs fields which
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develop VEVs, the superpotential (2) reduces to
Wy — AS(A,H,), 3)

which is just the NMSSM coupling in Eq. (1). After the
spontaneous symmetry breakdown at the EW scale the
scalar component of the superfield S acquires nonzero
VEV ((S)=5//2) and an effective u term (u =
As/~/2) of the required size is automatically generated.
The Higgs sector of the considered model contains only
one additional singlet field and one extra parameter com-
pared to the MSSM. Therefore it can be regarded as the
simplest extension of the Higgs sector of the MSSM.

It is interesting to compare the ESSM to other related
models with an extra U(1)’. In general, anomaly cancella-
tion requires either the presence of exotic chiral super-
multiplets [20,21] or family-nonuniversal U(1)" couplings
[22]. Any family dependence of the U(1)' charges would
result in FCNCs mediated by the Z’ which can be sup-
pressed for the first two generations and manifest them-
selves in rare B decays and B — B mixing [23]. In the
ESSM, because the U(1)y charge assignment is flavor
independent, the considered model does not suffer from
the FCNC problem. In the ESSM anomalies are cancelled
in a flavor-independent way since the model contains an
extra U(1)y arising from Eg together with the matter con-
tent of (three) complete 27 representations of Eg down to
the TeV scale, apart from the three right-handed neutrinos
which are singlets under the low-energy gauge group. The
existence of exotic supermultiplets in the ESSM is consis-
tent with gauge coupling unification since the extra matter
is in complete 27 representations. However exotic quarks
and non-Higgses naturally appear in the E¢ inspired model,
with the quantum numbers of three families of 5 + 5*
SU(5) representations, which phenomenologically corre-
spond to three families of extra down-type quark singlets
and three families of matter with the quantum numbers of
Higgs doublets, where each multiplet is accompanied by
its conjugate representation. The large third family cou-
pling of the extra colored chiral superfields (D, D) to the
singlet S of the form xS(DD) may help to induce radiative
breakdown of the SU(2) X U(1)y X U(1)' symmetry [20],
[24-27].

Before describing the phenomenological work per-
formed in this paper it is worth briefly reviewing the
phenomenological studies performed so far on related
models in the literature. Recently the implications of
SUSY models with an additional U(1)’ gauge symmetry
have been studied for CP violation [28], neutrino physics
[29,30], dark matter [31], leptogenesis [32], EW baryo-
genesis [33,34], muon anomalous magnetic moment [35],
electric dipole moment of electron [36], and lepton flavor
violating processes like u — ey [37] (forbidding R-parity
violating terms [21,38]). An important property of U(1)’
models is that the tree-level mass of the lightest Higgs
particle can be larger than M, even for moderate values of
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tanB =1 — 2 [27,28,39], hence the existing LEP bounds
can be satisfied with almost no need for large radiative
corrections. Models with a U(1)y gauge symmetry in
which right-handed neutrinos have zero charge have been
studied in [30] in the context of nonstandard neutrino
models with extra singlets, in [40] from the point of view
of Z — Z' mixing and a discussion of the neutralino sector,
in [25] where the renormalization group (RG) was studied,
in [27] where a one-loop Higgs mass upper bound was
presented.

The phenomenological analysis presented here goes
well beyond what has appeared so far in the literature.
Our analysis begins with a detailed RG analysis of the
dimensionless couplings in the ESSM, and an examination
of the fixed points of the model. This analysis is completely
new as it has not appeared before. We later use the results
of this analysis in determining an upper bound on the
lightest CP-even (or scalar) Higgs boson mass, using the
effective potential and including two-loop corrections,
which had also not been considered previously, and we
make a detailed comparison with similar bounds obtained
in the MSSM and NMSSM. We then make a comprehen-
sive phenomenological study of the full Higgs spectrum
and couplings, which includes the low-energy allowed
regions in which EWSB is successful, and comment on
the crucial phenomenological aspects of the Higgs sector
of the ESSM. The chargino and neutralino spectrum ex-
pected in the ESSM is also studied in some depth. We then
discuss the phenomenology of the extra particles predicted
by the ESSM, including the Z’ and some exotic fermions,
and provide a numerical estimate and a full discussion of
their production cross sections and signatures at the up-
coming CERN Large Hadron Collider (LHC) and a future
International Linear Collider (ILC).

The paper is organized as follows: In Sec. II we specify
our model. In Sec. III we examine the RG flow of gauge
and Yukawa couplings assuming that gauge coupling uni-
fication takes place at high energies. The EWSB and Higgs
phenomenology are studied in Secs. IV and V, respectively.
In Sec. VI we consider the chargino and neutralino spec-
trum in the ESSM while in Sec. VII the potential discovery
of a Z' boson and new exotic particles at future colliders
are discussed. Our results are summarized in Sec. VIIL

II. THE ESSM

A. Overview of the model

As it is clear from the discussion in the introduction, the
ESSM is a low-energy alternative to the MSSM or
NMSSM defined as follows. The ESSM originates from
an Eq GUT gauge group which is broken at the GUT scale
to the SM gauge group together with an additional U(1)y
gauge group which is not broken until a scale not very far
above the EW scale, giving rise to an observable Z’ gauge
boson. The U(1)y gauge group is defined such that right-
handed neutrinos N{ carry zero charges under it. The
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matter content below the GUT scale corresponds to three
27plets of Eg ( labeled as 27;) which contain the three
ordinary families of quarks and leptons including right-
handed neutrinos N{, three families of candidate Higgs
doublets H,;, H,;, three families of extra down-type quark
singlets D;, D;, and three families of extra singlets S;.
However only the third family Higgs doublets H, and H,
and singlet S develop VEVs. In addition, in order to
achieve gauge coupling unification, there is a further pair
of Higgs-like doublet supermultiplets H’ and H’ which do
not develop VEVs, arising from an incomplete 27" + 27’
representation. All the extra matter described above is
expected to have mass of the order of the TeV scale and
may be observable at the LHC or at an ILC. The ESSM has
the following desirable features:

(i) Anomalies are cancelled generation by generation
within each complete 27; representation.

(i) Gauge coupling unification is accomplished due to
the complete 27; representations together with the
additional pair of Higgs-like doublets H' and H'
from the incomplete 27’ + 27’ representation.

(iii) The seesaw mechanism is facilitated due to the
right-handed neutrinos N{ arising from the 27;
representations having zero gauge charges.

(iv) The w problem of the MSSM is solved since the w
term is forbidden by the U(1)y gauge symmetry. It
is replaced by a singlet couphng S(H 4H,) as in the
NMSSM, but without the $* term of the NMSSM
which resulted in domain wall problems. Besides,
in the ESSM the would-be Goldstone boson is
eaten by the Z' associated with the U(1)y gauge
group.

The purpose of the remainder of this section is to de-
velop the theoretical aspects of the ESSM defined above,
and define the matter content, charges, couplings and
symmetries of the ESSM more precisely.

B. The choice of the surviving U(1)y gauge group

Since all matter and Higgs superfields must originate
from 27 and ﬁplets of Eg, one cannot break Eg in a
conventional manner as the required Higgs fields are in
larger representations than the 27. However, at the string
scale, E¢ can be broken via the Hosotani mechanism [41].
Because the rank of the E¢ group is six the breakdown of
the Eq symmetry results in several models based on rank-5
or rank-6 gauge groups. As a consequence Eg inspired
SUSY models in general may lead to low-energy gauge
groups with one or two additional U(1)" factors in com-
parison to the SM. Indeed E¢ contains the maximal sub-
group SO(10) X U(1),, while SO(10) can be decomposed
in terms of the SU(5) X U(1), subgroup. By means of the
Hosotani mechanism E4 can be broken directly to
SUB)c X SUR)yw X U(1)y X U(1), X U(1), which has
rank 6. For suitable large VEVs of the symmetry breaking
Higgs fields this rank-6 model can be reduced further to an
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effective rank-5 model with only one extra gauge symme-
try. Then an extra U(1)’ that appears at low energies is a
linear combination of U(1), and U(1),:

U(1) = U(1), cosé + U(1), sin6. @)

In general the right-handed neutrinos will carry nonzero
charges with respect to the extra gauge interaction U(1)'. It
means that their mass terms are forbidden by the gauge
symmetry. The right-handed neutrinos can gain masses
only after the breakdown of the SU(2)y, X U(1)y X U(1)
symmetry. But even in this case one can expect that the
corresponding mass terms should be suppressed due to the
invariance of the low-energy effective Lagrangian under
the U(1); symmetry associated with lepton number con-
servation.” If the right-handed neutrinos were lighter than a
few MeV they would be produced prior to big bang nu-
cleosynthesis by the Z' interactions leading to a faster
expansion rate of the Universe and to a higher “He relic
abundance [42]. The current cosmological observations of
cosmic microwave background radiation and nuclear abun-
dances restrict the total effective number of extra neutrino
species AN, to 0.3 [43]. The strength of the interactions of
right-handed neutrinos with other particles and the equiva-
lent number of additional neutrinos rises with a decreasing
7' boson mass. Thus cosmological and astrophysical ob-
servations set a stringent limit on the Z’ mass which has to
be larger than 4.3 TeV [42].

The situation changes dramatically if the right-handed
neutrinos remain sterile after the breakdown of the Eg
symmetry, i.e. have zero charges under the surviving gauge
group. The extra U(1)’ factor for which right-handed neu-
trinos transform trivially is called U(1)y. It corresponds to
the angle # = arctan~/15 in Eq. (4). In this case, considered
here, the right-handed neutrinos may be superheavy. Then
the three known doublet neutrinos v»,, v w and v, acquire
small Majorana masses via the seesaw mechanism. This
allows for a comprehensive understanding of the mass
hierarchy in the lepton sector and neutrino oscillations
data. The successful leptogenesis in the early epoch of
the Universe is the distinctive feature of the ESSM with
an extra U(1)y factor [32]. Because right-handed neutrinos
are allowed to have large masses, they may decay into final
states with lepton number L = =1, thereby creating a
lepton asymmetry in the early Universe [44]. Since spha-
lerons violate B + L but conserve B — L, this lepton asym-
metry subsequently gets converted into the present
observed baryon asymmetry of the Universe through the
EW phase transition [45]. Any other Eg inspired super-
symmetric extension with the extra U(1) factor would
result in B — L violating interactions at O(1) TeV as it is

*In many supersymmetric models the invariance under the
lepton and baryon U(1) symmetries are caused by R-parity
conservation which is normally imposed to prevent rapid proton
decay.
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broken down to the SM. This B — L violating interactions
together with B + L violating sphalerons would erase any
lepton or baryon asymmetry that may have been created
during the earlier epoch of the Universe. Different phe-
nomenological aspects of supersymmetric models with
an extra U(l)y gauge symmetry were studied in
[25,27,30,32,34,40].

One of the most important issues in U(1)’ models is the
cancellation of the gauge and gravitational anomalies. In
E¢ theories the anomalies are cancelled automatically.
Therefore all models that are based on the E4 subgroups
and contain complete representations should be anomaly
free. As a result, in order to make the chosen supersym-
metric model with the extra U(1)y factor anomaly free, one
is forced to augment the minimal spectrum by a number of
exotics which, together with ordinary quarks and leptons,
form complete fundamental 27 representations of FEg.
These decompose under the surviving low-energy gauge
group as discussed in the next subsection.

C. The low-energy matter content of the ESSM

The three families of fundamental 27; representations
decompose under the SU(5) X U(1)y subgroup of Eg [25]
as follows:

271' — (10, 1)1 + (5*, 2)1 + (5*, _3)1 + (5, _2)1

The first and second quantities in the brackets are the
SU(5) representation and extra U(1)y charge while i is a
family index that runs from 1 to 3. An ordinary SM family
which contains the doublets of left-handed quarks Q; and
leptons L;, right-handed up- and down-type quarks (u§ and
df) as well as right-handed charged leptons, is assigned to
the (10, 1); + (5%, 2);. These representations decompose
under

SUGB) X U()y — SUB)e X SUR)yw X U(l)y X U(1)y

(6)
to give ordinary quarks and leptons:
(10,1); — Qi =(u;d)~ (3,23 1),
u§ ~ (351, -3 1),
e~ (1,1, 1,1) )
(5%2); — di~(3%132),

Li = (Vir ei) -~ (1’ 2) _%: 2);

where the third quantity in the brackets is the U(1)y
hypercharge. [In Eq. (7) and further we omit all isospin
and color indexes related to SU(2) and SU(3) gauge
interactions. ]

The right-handed neutrinos Ny transform trivially under
SU(5) X U(1)y by definition. Therefore N{ should be
associated with the last term in Eq. (5) (1, 0);. The next-
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to-last term in Eq. (5), (1, 5);, represents SM singlet fields
S; which carry nonzero U(1)y charges and therefore sur-
vive down to the EW scale.

The remaining representations in Eq. (5) decompose as
follows:

(S*r _3)[ - Hli = (H(l)l" Hi) -~ (lr 21 _%; _3)y
D;~ (3", 1,5 —3),
8
5-2 — Hy—@5HE)~025-2

D;i~@G,1,-% -2).

The pair of SU(2) doublets (H,; and H,;) that are contained
in (5%, —3); and (5, —2); have the quantum numbers of
Higgs doublets. Other components of these exotic SU(5)
multiplets form extra color triplet but EW singlet quarks D;
and antiquarks D; with electric charges —1/3 and +1/3,
respectively. The exotic multiplets in Eq. (8) form vector
pairs under the SM gauge group.

In addition to the three complete 27, representations just
discussed, some components of additional 27’ and 27’
representations can and must survive to low energies, in
order to preserve gauge coupling unification. We assume
that an additional SU(2) doublet and antidoublet H' and H’
originate as incomplete multiplets of an additional 27’ and
27'. Specifically we assume that they originate from the
SU(2) doublet components of a (5%, 2) from a 27', and the
corresponding antidoublet from a 27’

The low-energy matter content of the ESSM may then
be summarized as

3[(Q;, uf, dS, L, e§, N{) ] + 3(S;) + 3(Hy) + 3(Hy,)
+3(D;, D;) + H + H', 9

where the right-handed neutrinos N are expected to gain
masses at some intermediate scale, while the remaining
matter survives down to the EW scale near which the gauge
group U(1)y is broken.

D. The low-energy symmetries and couplings
of the ESSM

In Eg models the renormalizable part of the superpoten-
tial comes from the 27 X 27 X 27 decomposition of the Eg
fundamental representation. The most general renormaliz-
able superpotential which is allowed by the SU(3) X
SU(2) X U(1)y X U(1)y gauge symmetry can be written
in the following form:

Wtotal = WO + Wl + Wz + WEG (10)
The first, second, and third terms in Eq. (10) represent

the most general form of the superpotential allowed by the
E¢ symmetry. W, Wy, and W, are given by
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Wy = /\iij‘(HleZk) + k;jiSi{(D;Dy) + hf\j]kNC(szLk)

+ hius (HyQp) + hiydi(HyjQ0) + hijes(HijLy),
W= gijkDi(Qij) + g,’jkDid;”lCc’
W, = g%kaDjdi + gfjkeijui + gf;k(Q,-Lj)ﬁk. an
The part of the superpotential (10) coming from the 27 X
27 X 27 decomposition of the E¢ fundamental representa-
tion (i.e. Wy + W, + W,) possesses a global U(1) symme-
try that can be associated with B — L number conservation.
This enlarged global symmetry is broken explicitly by
most of the terms in Wy, .

The last part of the superpotential (10) includes the Eg
violating set of terms:

Wy, = IMNENS + W)+ W + WS, (12)

where
Wy = u/(H'H') + wj(H'L;) + hi;N¢(Hy;H')

+ hf,"’ef(HuH’),
Wl = U;”‘ NENSNE + AGNS + Ay Si(Hy H')

+ gNN{(H'L)) + gYN;(H'H') + gl u¢(H'Q;)

+ pij(HyLj) + pi(HyH') + pi;D;ds,
W5 = ¢t (Q;H)D, 1,2,3. (13)

i, j, k=

The terms in Eq. (12) are invariant with respect to the SM
gauge group and extra U(1)y transformations but are either
forbidden by the Eq symmetry itself or by the splitting of
complete 27 and 27 representations that also breaks Eg.
Some of the interactions listed in Eq. (12) can play a
crucial role in low-energy phenomenology. For example,
Majorana mass terms of the right-handed neutrinos at some
intermediate scales provide small Majorana masses for the
three species of left-handed neutrinos via the seesaw
mechanism. Some other terms in Egs. (12) and (13) (like
wijHy;L;) may be potentially dangerous from the phe-
nomenological point of view.

Although the B — L number is conserved automatically
in Eg inspired SUSY models, some Yukawa interactions in
Eq. (11) violate the baryon number resulting in rapid
proton decay. The baryon and lepton number violating
operators can be suppressed by postulating the invariance
of the Lagrangian under R-parity transformations. In the
MSSM the R-parity quantum numbers are

R = (_1)3(B—L)+ZS‘ (14)

The straightforward generalization of the definition of
R-parity to E¢ inspired supersymmetric models, assuming
Bp = 1/3 and By = —1/3, implies that W; and W, are
forbidden by the discrete symmetry (14). In this case the
rest of the Lagrangian of the considered model, which is
allowed by the E4 symmetry, is invariant not only with
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respect to U(1); and U(1)p but also under U(1), symmetry
transformations’
D — ei“D, D — e @D, (15)

The U(1)p invariance ensures that the lightest exotic
quark is stable. Any heavy stable particle would have been
copiously produced during the very early epochs of the big
bang. Those strong or electromagnetically interacting fer-
mions and bosons which survive annihilation would sub-
sequently have been confined in heavy hadrons which
would annihilate further. The remaining heavy hadrons
originating from the big bang should be present in terres-
trial matter. There are very strong upper limits on the
abundances of nuclear isotopes which contain such stable
relics in the mass range from 1 to 10 TeV. Different experi-
ments set limits on their relative concentrations from 10713
to 1073 per nucleon [46]. At the same time various
theoretical estimations [47] show that if remnant
particles would exist in nature today their concentration
is expected to be at the level of 107'° per nucleon.
Therefore Eg inspired models with stable exotic quarks
or non-Higgsinos are ruled out.

To prevent rapid proton decay in Eg supersymmetric
models the definition of R-parity should be modified.
There are eight different ways to impose an appropriate
Z, symmetry resulting in baryon and lepton number con-
servation [48]. The requirements of successful leptogene-
sis and nonzero neutrino masses single out only two ways
to do that. If H,;, Hy;, S;, D;, D;, and quark superfields (Q;,
u$, df) are even under Z, while lepton superfields (L;, e,
N¥¢) and survival components of 27 and 27 (H' and H') are
odd, all terms in W, are forbidden. Then the part of the
superpotential allowed by the Egq symmetry is invariant
with respect to U(1)z and U(1); global symmetries if the
exotic quarks D; and D; carry a twice larger baryon num-
ber than the ordinary quark fields d¢ and Q;, respectively. It
implies that D; and D; are diquark and anti-diquark, i.e.
Bp = —2/3 and By = 2/3. This way of suppressing
baryon and lepton number violating operators will be
called further model I. An alternative possibility is to
assume that the exotic quarks D; and D, as well as ordinary
lepton superfields and survivors are all odd under Z,
whereas the others remain even. Then we get model II in
which all Yukawa interactions in W; are ruled out by the
discrete Z, symmetry. Model II possesses two extra U(1)
global symmetries. They can be associated with U(1); and
U(1)p if the exotic quarks carry baryon (Bp = 1/3 and
By = —1/3) and lepton (L, = 1 and Lz = —1) numbers
simultaneously. It means that D; and D; are leptoquarks in
model II.

In model II the imposed Z, symmetry forbids all the
terms in the W/ part of Wy, leaving only the mass terms

*The term whD; d§ in Wy, spoils the invariance under U (Dp
symmetry but tﬁe mechanism of its generation remains unclear.
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for the right-handed neutrinos, W{, and W}. The discrete
symmetry postulated in the model I also rules out W} but
permits ! ;D;d§ which violate the baryon number making
possible the transition p — 7" x°, where x° is a neutra-
lino. In order to suppress dangerous operators one can
impose another Z, symmetry that changes the sign of the
ordinary quark superfields Q;, uf, df leaving all others
unchanged. Finally for the superpotentials of models I
and II we get

1
(I) Wessmr = Wo + Wy + EMUN,-CN; + W,

1 o
(1) Wessmu = Wo + W, + EMiijN} + Wy + W,
(16)

E. Origin of bilinear mass terms in the ESSM

In the superpotentials (16) the non-Higgs doublets and
the survival components from the 27’ can be redefined in
such a way that only one SU(2) doublet H' interacts with
the H' from the 27’. As a result without loss of generality
w!in W{ may be set to zero. Then the superpotentials of the
considered supersymmetric models include two types of
bilinear terms only. One of them, %M,I,-Ni"Nj‘f , determines
the spectrum of the right-handed neutrinos which are ex-
pected to be heavy so that the corresponding mass parame-
ters M;; are at intermediate mass scales. Another one,
u'H'H', is characterized by the mass parameter w’ which
should not be too large otherwise it spoils gauge coupling
unification in the ESSM. On the other hand, the parameter
4 cannot be too small since u/H'H' is solely responsible
for the mass of the charged and neutral components of H'.
Therefore we typically require u’ ~ O(1 TeV) as in the
MSSM, potentially giving rise to the u problem once
again.

Within SUGRA models the appropriate term w'H'H’ in
the superpotentials (16) can be induced just after the break-
down of local SUSY if the Kihler potential contains an
extra term (Z(H'H') + H.c.) [49]. This mechanism is of
course just the same one used in the MSSM to solve the u
problem. But in superstring inspired models the bilinear
terms involving H; and H,, are forbidden by the Eq sym-
metry both in the Kéhler potential and superpotential. As a
result the mechanism mentioned above cannot be applied
for the generation of wH;H, in the ESSM superpotential.
However this mechanism may be used to give mass to the
non-Higgs doublets H' and H' from additional 27’ and 27’
since the corresponding bilinear terms are allowed by
the Eg symmetry both in the Kihler potential and
superpotential.

The other bilinear terms in the superpotential of the Eg
inspired SUSY models responsible for right-handed neu-
trino masses can be induced through the nonrenormaliz-
able interactions of 27 and 27 of the form KMilj (27aﬁ5)2. If
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the N¢ and N¢ components of some extra 27, and 27y
representations develop VEVs along the D-flat direction
(N¢) = (N the original gauge symmetry of the rank-6
superstring inspired model with extra U(1), and U(1),
reduces to SU(3)c X SUR)w X U(1)y X U(1)y. In this
case the effective mass terms for the right-handed neutri-
nos are generated automatically if the extra 27plet cou-
ples to the ordinary matter representations

o (ﬁH27i)(ﬁH27j)

oW =
Mpy

— M=

2K‘j —
(NS
)

7)

To get a reasonable pattern for the left-handed neutrino
masses and mixing the U(1), and U(1), gauge, symme-
tries should be broken down to the U(1), one around the
grand unification or Planck scale. A similar mechanism
could be applied for the generation of the u term discussed
earlier. However, it is rather difficult to use the same fields
N§, and N§; in both cases because the values of the corre-
sponding mass parameters are too different. In order to
obtain u in the TeV range one should assume the existence
of an additional pair of N¢, and N§, which acquire VEVSs of
order 10" GeV.

F. Yukawa couplings in the ESSM

The superpotential (16) of the ESSM involves a lot of
new Yukawa couplings in comparison to the SM. But only
large Yukawa couplings are significant for the study of the
renormalization group flow and spectrum of new particles
which will be analyzed in the subsequent sections. The
observed mass hierarchy of quarks and charged leptons
implies that most of the Yukawa couplings in the SM and
MSSM are small. Therefore it is natural to assume some
hierarchical structure of the Yukawa interactions of new
exotic particles with ordinary quarks and leptons as well.
As discussed earlier, without loss of generality we can
assume that only the third family Higgs doublets and
singlets S = S3;, H; = Hy3, H, = Hy; gain VEVs, and
furthermore the third family Higgs sector couples most
strongly with the third family quarks and leptons. The third
family SM singlet field S will also couple to the exotic
quarks D; and D; and SU(2) non-Higgs doublets H,, and
H,, (a =1,2).

Discrete and extended gauge symmetries, which were
specified before, do not guarantee the absence of FCNCs in
the ESSM. Indeed the considered model contains many
SU(2) doublets and exotic quarks which interact with
ordinary quarks and charged leptons of different genera-
tions. Therefore one may expect that even in the basis of
their mass eigenstates the nondiagonal flavor transitions
are not forbidden. For example, nondiagonal flavor inter-
actions contribute to the amplitude of K — K° oscillations
and give rise to new channels of muon decay like u —
e ete”. To suppress flavor changing processes one can
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postulate Z¥ symmetry. If all superfields except H,, Hy,
and S are odd under Z¥ symmetry transformations, then
only one Higgs doublet H, interacts with the down-type
quarks and charged leptons and only one Higgs doublet H,,
couples to up-type quarks while the couplings of all other
exotic particles to the ordinary quarks and leptons are
forbidden. This eliminates any problems related with the
nondiagonal flavor transitions in the considered model.

The most general Z¥ and gauge invariant part of the
ESSM superpotential that describes the interactions of the
SM singlet fields S; with exotic quarks, SU(2) Higgs and
non-Higgs doublets can be written as

AijSi(HyjHoy) + kijSi(D;Dy) — A:S(Hy;Hy;)
+ k;S(D;D;) + fopSa(HyHp) + fopSe(HigH,),
(18)

where @, B = 1,2 and i = 1,2, 3. In Eq. (18) we choose
the basis of non-Higgs and exotic quark superfields so that
the Yukawa couplings of the singlet field S have flavor
diagonal structure. Here we define A = A; and k = K3.4 If
Aor k are large at the grand unification scale they affect the
evolution of the soft scalar mass m§ of the singlet field S
rather strongly resulting in negative values of m% at low
energies that triggers the breakdown of U(1)y symmetry.
The singlet VEV must be large enough to generate suffi-
ciently large masses for the exotic particles to avoid con-
flict with direct particle searches at present and former
accelerators. This also implies that the Yukawa couplings
A; and k; (i # 3) involving the new exotic particles
although small must be large enough. The Yukawa cou-
plings of other SM singlets f, 3 and fa p are expected to be
considerably less than A; and «; to ensure that only one
singlet field S gains a VEV. At the same time f, 5 and fa B
cannot be negligibly small because in this case the fermion
components of superfields S; and S, becomes extremely
light.5 The induced masses of singlinos S, and S, should be
larger by a few MeV otherwise the extra states could
contribute to the expansion rate prior to nucleosynthesis
changing nuclear abundances.

The Z% symmetry discussed above forbids all terms in
W, and W, that would allow the exotic quarks to decay.
Therefore discrete ZY symmetry can only be approximate.
In our model we allow only the third family SU(2) doublets
H,; and H, to have Yukawa couplings to the ordinary
quarks and leptons of the order unity. As discussed, this
is a self-consistent assumption since the large Yukawa
couplings of the third generation (in particular, the top-

“Note that « as defined here in the ESSM refers to the coupling
of the singlet S to the third family exotic quarks DD and is not
related to the k of the NMSSM which refers to the cubic singlet
coupling $* which is_absent in the ESSM. .

>When fap and fop vanish, singlinos §; and S, remain
massless.
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quark Yukawa coupling) provides a radiative mechanism
for generating the Higgs VEVs [50] which defines the third
family direction. As a consequence, the neutral compo-
nents of H, and H,; acquire nonzero VEVs inducing the
masses of ordinary quarks and leptons. The Yukawa cou-
plings of two other pairs of SU(2) doublets H,; and H,; as
well as H' and exotic quarks to the quarks and leptons of
the third generation are supposed to be significantly
smaller ( =< 0.1) so that none of the other exotic bosons
gain a VEV. These couplings break Z symmetry explic-
itly resulting in flavor changing neutral currents. In order to
suppress the contribution of new particles and interactions
to the K% — K° oscillations and to the muon decay channel
u — e~ ete” in accordance with experimental limits, it is
necessary to assume that the Yukawa couplings of exotic
particles to the quarks of the first and second generations
are less than 10™* and their couplings to the leptons of the
first two generations are smaller than 1073,

III. RENORMALIZATION GROUP ANALYSIS

A. The approximate superpotential to be studied

Following the discussion about the natural choice of the
parameters in our model given at the end of Sec. II, we can
now specify the superpotential couplings whose RG flow
will be analyzed in this section. In our RG analysis we shall
retain only Yukawa couplings which appear on the right-
hand side of Eq. (18), together with the O(1) Yukawa
couplings to the quarks and leptons. We shall neglect the
neutrino Yukawa couplings as well as the small couplings
involving the first and second family singlets in our analy-
sis. Then the approximate superpotential studied is given
by

Wy =~ AS(H,H,) + M\S(H, 1 Hyy) + A,8(H, ,Hy )
+ KS(D353) + Kls(DIEI) + K2S(D232)
+ h,(H,0)t + h,(H;Q)b¢ + h(H,L)7¢,  (19)

where all ordinary quark and lepton superfields which
appeared in Eq. (19) belong to the third generation, i.e.
L =1L Q= 03, t=us, b° = d5, and 7° = €. Here we
adopt the notation A = A; and k = k3. The obtained
superpotential possesses the approximate Z¥ symmetry
specified in the previous section which ensures the natural
suppression of FCNCs. To guarantee that only one pair of
SU(2) doublets H, and H,; acquires a VEV we impose a
certain hierarchy between the couplings of H;; and H,; to
the SM singlet superfield S: A = A;,. We assume further
that the superpotential (19) is formed near the grand uni-
fication or Planck scale. But in order to compute the masses
and couplings at the EW scale one has to determine the
values of gauge and Yukawa couplings at the EW scale.
The evolution of all masses and couplings from My to M,
is described by a system of RG equations. In this section
we study the behavior of the solutions to such equations
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describing the gauge and Yukawa couplings in the frame-
work of the ESSM.

B. The mixing of U(1)y and U(1)y

In this subsection we address a mixing phenomenon
related with the gauge sector of models containing two
U(1) gauge factors. In the Lagrangian of any gauge ex-
tension of the SM containing an additional U(1) gauge
group there can appear a kinetic term consistent with all
symmetries which mixes the gauge fields of the U(1)’ and
U(1)y [51]. Our model is not an exception in this respect.
In the basis in which the interactions between gauge and
matter fields have the canonical form, i.e. for instance a
covariant derivative D, which acts on the scalar and
fermion components of the left-handed quark superfield
given by

D, =0, — igALT" —

— igyOYBY,

igaWhrt — igyQYBY,
(20)

the pure gauge kinetic part of the Lagrangian can be
written as

sin X

1 1 1
‘Ekin == Z(F[}:V)z - Z(F )2 FY FN Z(G/,w)z

SUE @)
In Eqs. (20) and (21) A%, W}, BY,, and BY) represent SU(3),
SU(2),U(1)y, and U(l)N gauge ﬁelds GM,,, b, Fh,.and
F f{,, are field strengths for the corresponding gauge inter-
actions; while g3, g5, gy, and gy are SU(3), SU(2), U(1)y,
and U(1)y gauge couplings, respectively.

Because U(1)y and U(1) arise from the breaking of the
simple gauge group Eg the parameter siny that parame-
trizes the gauge kinetic term mixing is equal to zero at tree
level. However it arises from loop effects since

(oM = > (oroM) #o.

i=chiral fields

(22)

Here the trace is restricted to the states lighter than the
energy scale being considered. The complete E¢ multiplets
do not contribute to this trace. Its nonzero value is due to
the incomplete 27’ + 27" multiplets of the original Eg4
symmetry from which only H' and H' survive to low
energy in order to ensure gauge coupling unification.

The mixing in the gauge kinetic part of the Lagrangian
(21) can be easily eliminated by means of a nonunitary
transformation of the two U(1) gauge fields [26], [52,53]:

B‘i = Bl - B2,u (23)

u Bl = B,,,/ cosy.

tany,

In terms of the new gauge variables B, and B,, the gauge
kinetic part of the Lagrangian (21) is now diagonal and the
covariant derivative (20) becomes [51]
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DM = (:)M_lg:;AZTa_ngWZ b_ingszl,u,

where the redefined gauge coupling constants, written in
terms of the original ones, are

g1 = —gytany.
(25)

g1 =&y g1 = gn/ cosy,

In the new Lagrangian written in terms of the new gauge
variables B, and B,, [defined in Eq. (23)] the mixing
effect is concealed in the interaction between the U(1)y
gauge field and matter fields. The gauge coupling constant
g is varied from the original one and also a new off-
diagonal gauge coupling g;; appears. The covariant de-
rivative (24) can be rewritten in a more compact form

D, =9, —igALT* — igZWﬁ b — iQ"GB,, (26)
where Q" = (0}, OV), B, = (B, By,),and Gisa2 X 2
matrix of new gauge couplings (25)

_ (81 &
¢ ( 0 & )
Now all physical phenomena can be considered by using
this new Lagrangian with the modified structure of the
extra U(1)y interaction (24)—(26). In the considered ap-

proximation the gauge kinetic mixing changes effectively
the U(1)y charges of the fields to

27)

0:=0}+0}s, (28)
where 6 = g;;/g| while the U(1)y charges remain the
same. As the gauge coupling constants are scale dependent,
the effective U(1)y charges defined here as Q; are scale
dependent as well. The particle spectrum now depends on
the effective U(1)y charges O;.

In Eq. (28) the correct E4 normalization of the charges
should be used, and thus the U(1)y hypercharges in

Egs. (7) and (8) should be multiplied by a factor \/%, and

the Q" charges in Egs. (7) and (8) should be multiplied by
1/+/40. The correctly normalized charges of all the matter
fields in the ESSM are summarized in Table I. The charges
are family independent, and the index i here refers to the
different multiplets as well as the different families.

TABLE I. The U(1)y and U(1)y charges of matter fields in the
ESSM, where QY and Q! are here defined with the correct Eg
normalization factor required for the RG analysis.

¢ NS H, HH D D H H
P00 b —i-h g o
0 5-2-3-2-3 2 =2

0 u d L

el b3
1

1
3
VaoorN 11 2 2 1

1

W=
N—
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C. The running of the gauge couplings

At the one-loop level the full set of RG equations
describing the running of gauge and Yukawa couplings
splits into two parts. One of them includes RG equations
for the gauge couplings. In the one-loop approximation 8
functions of the gauge couplings do not depend on the
Yukawa ones. Therefore this part of the system of RG
equations can be analyzed separately and is discussed in
this subsection.

The RG flow of the Abelian gauge couplings is affected
by the kinetic term mixing as discussed in the previous
subsection. Using the matrix notation for the structure of
U(1) interactions with G defined in Eq. (27) one can write
down the RG equations for the Abelian couplings in a
compact form [26,52,53]

dG

— =G XB, 29
7 (29
where B is a 2 X 2 matrix of 8 functions given by
_ (B Bn
5= &)
_ 1 (:Blg% 2g181B11 + 28181161 ) (30)
@m?\ 0 gPB+2gignBn + g1Bi

In the ESSM with N, = 3 the one-loop S8 functions 8, 81,
and B, are

48 47
B = Z(Q,-Y)Q = 5 Bl = Z(Qf-v)z = 5

31
_@ (3D
+5.

B = ZQ?Q?’ =

The index i is summed over all possible chiral superfields
and all families. Note that 8, = B} > B;;. This implies
that the effect of U(1) gauge mixing is ultimately rather
small, and furthermore that, if the (properly normalized)
gy and gy start out equal at the GUT scale, then they will
remain approximately equal at low energies.

The running of SU(2) and SU(3) couplings obey the RG
equations of the standard form:

dt (4m)?*’ dt  (4m?*
with B functions

By =—5+3N,,

Bs=-9+3N,  (33)

where = In(u/My) and u is the RG scale. The parameter
N, appeared in the expressions for 8, and 5 is the number
of generations forming E4 fundamental representations
which the considered SUSY model involves at low ener-
gies. As one can easily see from Eq. (33) N, = 3 is the
critical value for the one-loop B function of strong inter-
actions. Since by construction three complete 27plets sur-
vive to low energies in the ESSM S5 is equal to zero in our

PHYSICAL REVIEW D 73, 035009 (2006)

case and SU(3) gauge coupling remains constant every-
where from M, to My. Because complete 27plets do not
violate E¢ symmetry each generation should give the same
contribution to all 8 functions. It takes place automatically
in the case of SU(2) and SU(3) B functions and allows to
obtain a correct normalization for the charges of two
U(1l)'s.

The RG equations for the gauge couplings in Eqgs. (29)
and (32) should be supplemented by the boundary condi-
tions. Since we deal with an Eg inspired model it seems to
be natural to assume that at high energies Eq symmetry is
restored and all gauge interactions are characterized by a
unique Eq gauge coupling g, which is defined as

83 (My) = g,(My) = g1(My) = g/ (My) = go. (34)

Also we expect that there is no mixing in the gauge kinetic
part of the Lagrangian just after the breakdown of the Eg
symmetry, i.e.

g1(My) = 0. (35)

The hypothesis of gauge coupling unification (34) per-
mits us to evaluate the overall gauge coupling g, and the
grand unification scale My using the values of g,(M),
g,(M), and g5;(M,) which are fixed by LEP measurements
and other experimental data [54]. The high-energy scale
where the unification of the gauge couplings takes place is
almost insensitive to the matter content of the supersym-
metric model. Indeed, in the one-loop approximation we
have

1 nM)z( _ 1 1 1

@m)? M7 Bi— B [8%(1‘4%) g5(M3
Because the dependence of the scale My, where U(1)y and
SU(2) gauge couplings meet, on the particle content of any
model comes from the difference of the corresponding
functions, in which the contribution of any complete SU(5)
multiplets is cancelled, the grand unification scale in the
ESSM remains the same as in the MSSM, i.e in the one-
loop approximation My = 2 - 10' GeV. At the same time
the value of the overall gauge coupling is rather sensitive to
the matter content of SUSY models. In the ESSM the
appropriate values of the SU(2), SU(3), and U(1)y gauge
couplings at the EW scale can be reproduced for g, = 1.21
which differs from the value of gy, = 0.72 found in the
minimal SUSY model. The growth of g, in our model is
caused by the extra exotic supermultiplets of matter.

The interesting point concerning the matter content in
our model is that 8, B}, B,, and B3 are quite close to their
saturation limits when the gauge couplings blow up at the
grand unification scale. The ESSM allows to accommodate
only one additional pair of 5+ 5 representations of the
usual SU(5) which form extra exotic quark and non-Higgs
multiplets. Further enlargement of the particle content
leads to the appearance of the Landau pole during the
evolution of the gauge couplings from M, to My.

)} (36)
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Using the boundary conditions (34) and (35) as well as
the obtained values of gq and My it is possible to solve the
RG equations for g} and gy;. It turns out that g{(Q) is very
close to g;(Q) for any value of renormalization scale Q
from My to M, while g;;(Q) is negligibly small compared
to all other gauge couplings. At the EW scale we get

g1(My)
=~ (.99, (M) = 0.020,
g/l (MZ) gl] Z (37)

g1(M) = 0.46.

Equation (37) tells us that if the (properly normalized) gy
and gy couplings start out equal at the GUT scale, then
they will remain approximately equal at low energies to
within an accuracy of two percent at the one-loop level. As
previously noted, this results from 8; = B} > B;; which
implies that the effect of U(1) gauge mixing is small. In the
following analysis we shall continue to include the effects
of U(1) gauge mixing in the correct way. However, it
should be noted that to excellent approximation we could
take g, = g = gy = gy and Q; = OV, which is within
the accuracy of the one-loop result.

D. The running of the Yukawa couplings

The running of the Yukawa couplings appearing in the
superpotential in Eq. (19) obey the following system of
differential equations®:

dh, _ h, 16 13
A%+ 6h? +hy ——g% — 383 — g}
dr (4 )2[ 383728 T 58
263 + 0} + 0Ds? |
dh, _ h, 16
— = A%+ hi + 6hj + h3 — —g3 — 3g3
di (47)2[ R

7
81 - 2(Q1 + QQ + Qd)g i|

15
dh h, 9
. A2+ 3h; + 4h7 — 3¢} — —gi
i @4 )2[ £27 58
— 20} + 03 + ngqz],
dA; A
= 2A7 + 23, + 33, + (3h? + 3hi + h%)S
dt (4 )2|: 2/\ E ( ) i3
3 o
-3¢~ g} - 203 + 63 + 0Dt |
dK- 16 4
’ 267 +23, +3 5 — =&t
e (4 )2[ R A E A T

~ 20} + O + Q%)g’ﬁ} (38)

where 3, = A3 + A3+ A} and 3, = 3 + k3 + k% and
where the index i = 1, 2, 3.

5See also [25,26].
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The couplings #;, h;,, and h, in Eq. (38) determine the
running masses of the fermions of the third generation at
the EW scale

m,<M,>=h'(j§’“ ing, mb<Mz)=hb(j§’)”cosﬁ,
(M)—“ﬁ) osB, (39)

which are generated after EWSB. In Eq. (39) m,, m,, and
my, are the running masses of the 7 lepton, top quark, and
bottom quark, respectively; M, is a top quark pole mass,
/v + v} = 246 GeV; while tanf = v,/v,, where
v, and v, are the VEVs of the Higgs doublets H, and
H,. Since the running masses of the fermions of the third
generation are known, Eq. (39) can be used to derive the
Yukawa couplings h,.(M,), h,(M,), and h,(M,) for each
particular value of tanf establishing boundary conditions
for the renormalization group Eqgs. (38). In this paper we
restrict our analysis to moderate values of tanf <
m,(M,)/m;(M,) for which b-quark and 7-lepton Yukawa
couplings are much smaller than 4, and thus can be safely
neglected.

The boundary conditions for the Yukawa couplings of
the SM singlet field S to the Higgs doublets and exotic
particles are unknown. These couplings give rise to the
masses of the exotic quarks and non-Higgsinos after the
breakdown of gauge symmetry. Since none of the exotic
particles or Higgs bosons have been found yet A; and k;
should be considered as free parameters in our model.
There are two different assumptions regarding these cou-
plings that look rather natural and allow one to reduce the
number of new parameters. One of them implies that the
masses of the exotic particles mimic the hierarchy ob-
served in the sector of ordinary quarks and charged leptons.
Then nonobservation of new exotic states may be related
with the considerable hierarchy of VEVs of the singlet field
S and Higgs doublets. In this case A, A,, k;, and k, are
tiny and can be simply ignored.

Although the suggested pattern is quite simple and
natural it does not permit to tell anything about the masses
of the exotic particles of the first two generations because
the corresponding Yukawa couplings are set to zero from
the beginning. In the meantime one has to ensure that
exotic fermions gain large enough masses to avoid any
conflict with direct new particle searches at present and
former colliders. Therefore it is worthwhile to incorporate
all Yukawa couplings of exotic particles to the SM singlet
field S in our analysis of RG flow. Because the Yukawa
interactions of extra colored singlets D; and D; in the
superpotential (19) and as a consequence the correspond-
ing RG equations are symmetric with respect to the gen-
eration index i exchange, i.e. | =2, 2 3, and 3 < 1,
there is a solution of the RG equations when all «; are equal
to each other. Moreover the solutions for «;(Q) tend to

v =
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converge to each other during the evolution of these cou-
plings from the grand unification to EW scale. Thus the
choice k| (M,) = ky(M,) = k(M,) is well motivated by the
RG flow.

Similar results can be obtained for A; and A,. However
the running of A,(Q) = A,(Q) differs from the evolution of
A(Q) because the top quark and its superpartners give
significant contributions to the renormalization of A(Q).
Nevertheless the difference between the RG flow of
A1 (Q) = A,(Q) and A(Q) is not so appreciable in compari-
son with the running of «;(Q) and 4,(Q). The couplings of
the Yukawa interactions involving quark superfields renor-
malize by virtue of the strong interactions that push their
values up considerably at low energies. Therefore it seems
to be reasonable to ignore the difference between the
evolution of A;(Q) in first approximation and consider
separately the limit in which A,(M,) = A, (M,) = A(M,).

At first we consider the limit when the Yukawa cou-
plings of the exotic quarks and non-Higgses of the first two
generations are negligibly small. Then the system of the
RG equations can be rewritten in the suggestive form

d 16 4

AZ
87— | = | = (3A* +3k> = 3h} + —g3 + —g}
Wdt[htz:| < “ AR ERRTLL

- - - - A2
+ﬂ%+ﬁ—%—ﬁ%@}
d K2 3
8725[2—%} = <5K2 0 = 67 +3g3 + S
+2(Q%+Q2Q+QZ—Q§—Q%—Q%)>
2
X [%} (40)

If we ignore gauge couplings the system of differential
equations (40) has two fixed points

A2 P A2 K2 6
D=1 -0 @mi-=-0 K-=2
U: 2 . 23

@1

Of these fixed points only the last one is infrared stable.
The presence of the infrared stable fixed point (II) means
that if we start with random boundary conditions for the
couplings A, k, and A, in the gaugeless (go = 0) limit the
solutions of the RG Eqgs. (40) tend to converge towards the
values which respect the ratios (II). This is illustrated in
Fig. 1(a) where the running A/h, versus «/h, for h,(My) =
10, go = 0 and regular distribution of boundary conditions
for A(Myx) and k(My) at the grand unification scale is
shown. A point in the plane A/h, — k/h, will flow rapidly
towards the valley, that corresponds to the invariant line
which connects fixed points (I) and (II), and then more
slowly along it to the stable fixed point (II). The properties
of invariant lines and surfaces were reviewed in detail
in [55].
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hi(p)
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FIG. 1. (a) RG flow of a set of points in the (A/h,)-(k/h,)

plane in the gaugeless limit (go = 0). (b) The running of (,;‘((’;)))
(@)

hf(/,t))' The gauge couplings are included. In both cases
the energy scale u is varied from My to M,, h,(My) = 10, while
the Yukawa couplings of the exotic quark and non-Higgs super-
multiplets of the first and second generations are set to zero.
Different trajectories correspond to different initial conditions
for A and k at the scale My.

versus (

So far we have neglected the effects of gauge couplings.
However their role is quite important especially at low
energies where the gauge coupling of the strong interac-
tions is larger than the Yukawa ones. As one can see from
Fig. 1(b) the inclusion of gauge couplings spoils the valley
along which the solutions of RG equations flow to the fixed
points (II). But the convergence of ,(Q), A(Q), and «(Q)
to the quasifixed point, which becomes more close to unity,
increases.

Similar analysis can be performed in the case when all
Yukawa couplings of exotic particles have nonzero values.
As before in the gaugeless limit there is only one stable
fixed point of the RG Egs. (38) which corresponds to

/\2 K2 K%Q )\%2 2
=0, =_D0f =_ 0t =" 42
h? 5 @2

Turning the gauge couplings on induces a certain hierarchy
between the Yukawa couplings of exotic quarks and non-
Higgses. Because of the growth of the gauge coupling of
strong interactions at low energies the Yukawa couplings
of the top and exotic quarks tend to dominate over A;. It
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shifts the position of the quasifixed point where the solu-
tions of the RG equations are focused

— —0, —==0.26, — =—=0.66. (43)
h? h ht b

In spite of their attractiveness, fixed points cannot pro-
vide a complete description of the RG flow of Yukawa
couplings. Indeed, the strength of the attraction of the
solutions to the RG Egs. (41) towards the invariant line
and fixed point is governed by h,(My). The larger h,(My)
the faster the stable fixed point is reached. However at
small values of h,(My) = 0.2 — 0.4 the convergence of
h(Q), A(Q), and «(Q) to the fixed points is extremely
weak. Therefore even at moderate values of tan3 = 1.5 —
3 the values of the Yukawa couplings at the EW scale may
be far away from the stable fixed point.

In this context it is worthwhile to study the limits on the
values of the Yukawa couplings imposed by the perturba-
tive RG flow. The growth of Yukawa couplings at the EW
scale entails the increase of their values at the grand uni-
fication scale resulting in the appearance of the Landau
pole. Large values of the Yukawa couplings spoil the

(M)
ha(Me)
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applicability of perturbation theory at high energies so
that the one-loop RG equations cannot be used for an
adequate description of the evolution of gauge and
Yukawa couplings at high scales Q ~ My. The require-
ment of validity of perturbation theory up to the grand
unification scale restricts the interval of variations of
Yukawa couplings at the EW scale. In the simplest case
when k; = k; = A; = A, = 0 the assumption that pertur-
bative physics continues up to the scale My sets an upper
limit on the low-energy value of x(M,), evaluated at the top
mass M,, for each fixed set of A(M,) and h,(M,) (or tan3).
With decreasing (increasing) A(M,) the maximal possible
value of k(M,), which is consistent with perturbative gauge
coupling unification, increases (decreases) forming a de-
marcating line that restricts the allowed range of the pa-
rameter space in the x/h, — A/h, plane for each particular
value of tanf.

For tan = 2 the corresponding limits on the low-
energy Yukawa couplings evaluated at M, are shown in
Fig. 2(a). Outside the permitted region the solutions of the
RG equations blow up before the grand unification scale
and perturbation theory is not valid at high energies. The
allowed range for the Yukawa couplings varies when tan3

K(n)
ha(p)

0.2 0.4 0.6 0.8 1 1.2 1.4
(M) T hy(My)
(a)

0.2 0.4 0.6 0.8 1 1.2 1.4
(M) he(My)

(©)

FIG. 2.

A() /()

(b)

0.2 0.4 0.6 0.8 1 1.2 1.4
A(My) Ihy(My)

(a) The allowed range of the parameter space in the («/h,)-(A/h,) plane for k; = kK, = A; = A, = 0 and tanB = 2 where

Alp)

the couplings are evaluated at the top mass u = M,. (b) RG flow of (*4)) versus (2%) for tan8 = 2. The Yukawa couplings of the

hi(p) hy()

exotic quark and non-Higgs supermultiplets of the first and second generations are taken to be zero. Different trajectories correspond to
different initial conditions at the EW scale. The solutions of the RG equations flow from the left to the right when the RG scale changes
from M, to My. (c) Upper limit on (k/h,) versus (A/h,) for k|, = k, = k, A = A, = 0, and tanB = 2. (d) The allowed part of the
parameter space in the («/h,)-(A/h,) plane for k; = k, = k, A{(M,) = A,(M,) = A(M,), and tanB = 2.
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changes. When tan tends to its lower bound caused by the
applicability of perturbation theory, which is around unity
in our model, the permitted part of the parameter space
narrows in the direction of A/h, so that only a small
interval of variations of A/h, is allowed. At large tanf
the allowed range for the Yukawa couplings enlarges. The
typical pattern of the RG flow of the ratios of Yukawa
couplings from the permitted region of the parameter space
is presented in Fig. 2(b). It differs significantly from the
analogous pattern obtained in the top-bottom approach (see
Fig. 1) because the chosen value of top-quark Yukawa
coupling, which corresponds to tan8 = 2, is quite far
from the quasifixed point. The peculiar feature of both
patterns is that the ratio of A/h, changes during the evolu-
tion more strongly than «/h,. Owing to this most trajecto-
ries in Fig. 2(b) are almost parallel to the axis A/h,.

A similar pattern for the RG flow can be found for most
values of tanf and does not change much after the inclu-
sion of the Yukawa couplings of exotic particles of the first
two generations. But the introduction of ki, k5, A;, and A,
makes more rigorous the restrictions on the Yukawa cou-
plings of the third generation. In Fig. 2(c) we plot the
allowed range of the Yukawa couplings in the case when
Ay and A, are still negligibly small while k = k| = k. It
is easy to see that in this case the upper bounds on «/h, are
more stringent than in Fig. 2(a). Turning A; and A, on so
that A(M,) = A;(M,) = A,(M,) reduces the limit on A/k,
[see Fig. 2(d)]. The narrowing of the allowed range of the
parameter space is not an unexpected effect. New Yukawa
couplings appear in the right-hand side of the differential
Eqgs. (38) with a positive sign. As a consequence they
increase the growth of the Yukawa couplings of the third
generation and perturbation theory becomes inapplicable
for lower values of A(M,) and «(M,).

Because the allowed range of the Yukawa couplings
always shrinks when additional Yukawa couplings are
introduced one can find an absolute upper limit on the
value of A(M,) as a function of 4,(M,) or tanB by setting
all other Yukawa couplings to zero. The dependence of this
upper limit A, on tanS is shown in Fig. 3. The upper
bound on A(M,) grows with increasing tanB because the

A

tan 3

FIG. 3. Upper limit on A versus tanf3.
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top-quark Yukawa coupling decreases. The value of A,
vanishes at tan3 =~ 1 when the top-quark Yukawa coupling
attains a fixed point [see also Fig. 1(b)]. At large tan3 the
upper bound on A(M,) approaches the saturation limit
where A, = 0.84. The restrictions on A(M,) and other
Yukawa couplings obtained in this section are extremely
useful for the analysis of the Higgs particle spectrum which
we are going to consider next.

IV. ELECTROWEAK SYMMETRY BREAKING
AND HIGGS SECTOR

A. The Higgs potential and its minimization

The sector responsible for EWSB in the ESSM includes
two Higgs doublets H, and H, as well as the SM singlet
field S. The interactions between them are defined by the
structure of the gauge interactions and by the superpoten-
tial in Eq. (19). Including soft SUSY breaking terms, and
radiative corrections, the resulting Higgs effective poten-
tial is the sum of four pieces:

V = VF + VD + Vsoft + AV,
Ve = XISP(H,? + |H,1?) + VI(HH,)P,

2 12
VD = %(H;U'aHd + HIIO-aHu)Z + %(IHdlz - |H’4|2)2

2
+ L (QilHP + OalH, P + OIS,
Vaar = m2ISI + 2| Hy> + mi3|H,
+[AA,S(H,H,) + He.] (44)

where g’ = \/%gl is the low-energy (non-GUT normal-
ized) gauge coupling and Q,, 0,, and Qg are effective
U(l)y charges of H,;, H,, and S, respectively. Here
Hy =(H),H;), H,=(H; H), and (HH,) =
HIH; — HHY. At tree level the Higgs potential in
Eq. (44) is described by the sum of the first three terms.
The structure of the F terms V is exactly the same as in the
NMSSM without the self-interaction of the singlet super-
field. However the D terms in V, contain a new ingredient:
the terms in the expression for Vj proportional to g
represent D-term contributions due to the extra U(l)y
which are not present in the MSSM or NMSSM. The soft
SUSY breaking terms are collected in V.

The term AV represents the contribution of loop correc-
tions to the Higgs effective potential. In the MSSM the
dominant contribution to AV comes from the loops involv-
ing the top quark and its superpartners because of their
large Yukawa coupling. However the ESSM contains many
new exotic supermultiplets and the RG analysis described
in the previous section revealed that the Yukawa couplings
of the exotic D quarks to the SM singlet field S can be large
at the EW scale. Therefore the contribution of D quarks
and their superpartners to AV can be enhanced as well.
Keeping only leading one-loop corrections to the Higgs
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effective potential in Eq. (44) from the top and exotic
quarks and their superpartners we find

3 m; 3 m; 3
AV = S| mi(In— = =)+ mt (In—2 - =
2\ 0r 2 n\""g2 2
m: 3 my 3
—m (1 2 7> + {m‘t (m L _ 7>
t Q2 2 i:%,S D,; QZ 2
m2 3
4 Dy; . 4 :“Dz _ 3
e (1w =)~ 2mh ()} )
(45)
where up; = k(S) = J are masses of exotic quarks,

while mj, m;), mp, and mp, . are the masses of the

superpartners of the top and D quarks which are given by

1
2 2 2 2
m; . = E[mQ + my + 2my
As 2
* (m —m?)? +4m* A, — ———) |,
\/ U) t( ' \/Qtanﬁ>}
1
m%uﬁ |:le +ms + 2upy
Kl')l 2
\/(mm - m— )2 + 4< kiMDi ~ TU1U2> }

(46)

The couplings g, &', g}, and A in the scalar potential
(44) do not violate SUSY. Moreover the gauge couplings
g, and g’ are well known [54]. The value of the extra U(1)
coupling g/ and the effective U(1)y charges of H;, H,, and
S can be determined assuming gauge coupling unification
[see Eq. (37)]. The Yukawa coupling A cannot be fixed as
directly as the gauge couplings. But as we discussed in the
previous section the requirement of validity of perturbation
theory up to the GUT scale leads to an upper bound A =
/\maX'

A set of soft SUSY breaking parameters in the tree-level
Higgs boson potential includes the soft masses m?, m3, m%
and the trilinear coupling A . The part of the scalar poten-
tial (44) which contains soft SUSY breaking terms V.
coincides with the corresponding one in the NMSSM when
the NMSSM parameters « and A, vanish. Since the only
complex phase (of AA)) that appears in the tree-level scalar
potential (44) can be absorbed easily by a suitable redefi-
nition of the Higgs fields, CP invariance is preserved in the
Higgs sector of the considered model at tree level. The
inclusion of loop corrections draws into the analysis many
other soft SUSY breaking parameters which define masses
of different superparticles. Some of these parameters can
be complex creating potential sources of CP violation.

At the physical minimum of the scalar potential (44) the
Higgs fields develop VEVs
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wy=5(0)  w=5(,)  ©=%
@)

The vacuum configuration (47) is not the most general one.
Because of the SU(2) invariance of the Higgs potential (44)
one can always make (H, ) = 0 by virtue of a suitable
gauge rotation. Then the requirement (H; ) = 0, whichis a
necessary condition to preserve U(1),,, associated with
electromagnetism in the physical vacuum, is equivalent
to requiring the squared mass of the physical charged
scalar to be positive. It imposes additional constraints on
the parameter space of the model.

The equations for the extrema of the Higgs boson po-
tential in the directions (47) in field space read:

oV M, A2
s = m}s — fvlvz + 7(1}% + v3)s
n
o2 N
+ %(Q]U% + 0,03 + Qg57) Qs + s =0,
D VAt )
—=m — sv, + —(v5 + s9)v
(:)Ul 1Y1 \/E 2 ( 2 ) 1
gz /2
+ g(vl — vy, + —(Q1U1 + 0,0} + Ogs5?)
- AV
X lel + = O,
Vg

W, My

A2
— =mdv S +—v2+s2v
6112 202 \/z 1 (1 )2

2L (v} + 0,03 + Ogs?)

(48)
2

where g = ,/g% + g%, Instead of v, and v, it is more

convenient to use tanB and v defined above. To simplify
the analysis of the Higgs spectrum it is worthwhile ex-
pressing the soft masses m?, m3, m% in terms of s, v, tanf3,
and other parameters. Because from precision measure-
ments we know that v = 246 GeV the tree-level Higgs

masses and couplings depend on four variables only:

A, s, tan3, A,. 49)

B. Z-Z' mixing

Initially the sector of EWSB involves 10 degrees of
freedom. However, four of them are massless Goldstone
modes which are swallowed by the W=, Z, and Z' gauge
bosons. The charged W* bosons gain masses via the
interaction with the neutral components of the Higgs dou-
blets just in the same way as in the MSSM so that My, =
& y. Meanwhile the mechanism of the neutral gauge boson
mass generation differs significantly. Letting Z' be the
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gauge boson associated with U(1)y, i.e.
Z!, = B,,, Z, = W; cosby — By, sinfy, (50)

the Z — Z' mass squared matrix is given by

M2 A?
M2, = ( AS M2, ) (51)
where
-2 =/
M=t A2 = FH2(0 c0 B — Osin®),

M2, = gl2v*(Qcos’B + O3sin®B) + g?0%s%.  (52)

The eigenvalues of this matrix are

1 _
M3, 5, = S IM3 + M3 = (M3 — M2)? + 40%] (53)

The eigenvalues M7 and M7 correspond to the mass

eigenstates Z; and Z, which are linear superpositions of
Z and 7'

Z, = Zcosazy + Z'sina,y,

Z, = —Zsinayzy + Z' cosayy, (54)

1 2
azy = - arctan| ———— |-

R T
Phenomenological constraints typically require the mixing
angle a, to be less than 2 — 3 X 1073 [56] and the mass
of the extra neutral gauge boson to be heavier than 500—
600 GeV [57]. A suitable mass hierarchy and mixing
between Z and Z' are maintained if the field S acquires a
large VEV s = 1.5 TeV. Then the mass of the lightest
neutral gauge boson Z; is very close to M, whereas the
mass of Z, is set by the VEV of the singlet field M, =

Mz/ = g/l st.

C. Charged Higgs

Because of electric-charge conservation the charged
components of the Higgs doublets are not mixed with
neutral Higgs fields. They form a separate sector whose
spectrum is described by a 2 X 2 mass matrix. Its determi-
nant has zero value leading to the appearance of two
Goldstone states

G~ =Hj cosB — H,"sinp, (55)

which are absorbed into the longitudinal degrees of free-
dom of the W* gauge boson. Their orthogonal linear
combination

H* = H;"sinB + H, cosf (56)
gains mass
V2AA A2 8>
2, = As— T2+ S0+ AL (57
e R A T L

PHYSICAL REVIEW D 73, 035009 (2006)

In the leading one-loop approximation the corrections to
the charged Higgs boson mass A in the ESSM are almost
the same as in the MSSM where the parameter w has to be
replaced by % The explicit expressions for the leading

one-loop corrections to mét in the MSSM can be found in
[58].

D. CP-odd Higgs

The imaginary parts of the neutral components of the
Higgs doublets and imaginary part of the SM singlet field S
compose the CP-odd (or pseudoscalar) Higgs sector of the
considered model. This sector includes two Goldstone
modes Gy, G’ which are swallowed by the Z and Z’ bosons
after EWSB, leaving only one physical CP-odd Higgs state
A. In the field basis (4, G/, Gy) one has

A = Pgsing + P cose, G' = Pgcosg — Psing,

Gy = V2(ImHY cos B — ImH! sinB), (58)
where
P = V2(ImHY sinB + ImHY cos B), Pg = \2ImS,
tang = 2% sin2 8. (59)

Two massless pseudoscalars G and G’ decouple from the
rest of the spectrum whereas the physical CP-odd Higgs
boson A acquires mass

v+ A, (60)

where A, is the contribution of loop corrections. In the
leading one-loop approximation the expressions for the
mass of the pseudoscalar Higgs boson in the ESSM and
PQ symmetric NMSSM coincide. The CP-odd Higgs sec-
tor of the NMSSM and one-loop corrections to it were
studied in [59]. In phenomenologically acceptable models,
in which the singlet VEV is much larger than v, ¢ goes to
zero and the physical pseudoscalar is predominantly the
superposition of the imaginary parts of the neutral compo-
nents of the Higgs doublets, i.e. P.

E. CP-even Higgs

The CP-even Higgs sector involves ReHY, ReHY, and
ReS. In the field space basis (h, H, N) rotated by an angle 8
with respect to the initial one

ReHY = (hcosf — Hsin + v,)/V2,
ReHY = (hsinB + HcosP + v,)/+/2, (61)
ReS = (s + N)/v/2,

the mass matrix of the Higgs scalars takes the form [60]:
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2V 1 9%V 9’V
92 v JvdfB dvds
M2=11 V. 1 9’V 1 9%V
v dvdB  v? 9B v IsifB
0%V 1 9’V 2V
Jvas v dsdfB 9%s
2 2 2
M%l Méz M13
= | My My My (62)

Taking second derivatives of the Higgs boson effective
potential and substituting m?, m3, m% from the minimiza-

tion conditions (48) one obtains:

/\2 52
M3 = 7v 2%in228 + &

i 2cos?28
g3 (Qcos’B + Qpsin®B)? + Ay,

)\2 52
M3, = M3, = (Z - %)vz sin48
g2
2L v2(0, — 01)(Q;cos?B + O,sin’B) sin2B
+ Au,
V204, (3 N
M2, = g+ ([ 24in22
27 §in2B <4 3 )v sin“23
8 (5. i
+ T(QZ 0,)*v%sin’28 + Ay,
AA
M2, =M%, = — " 2ycos2
23 EY) NG B
? - o
+5-(02 = Q1) Qsvssin2B + Ay,
AA
M3y = M3 = —T;vsinZ,B + Aus
+ g (Qycos? B + Qysin’B)Qsvs + Ay,
AA
M2, =2 25in2B + gP0%s? + A 63
B3 2 B+ gf 33 (63)
In Eq. (63) A;; represents the contribution of loop correc-

tions which in the leading one-loop approximation are
rather similar to the ones calculated in the NMSSM. The
one-loop corrections to the mass matrix of the NMSSM
CP-even Higgs sector were analyzed in [59,61].

When the SUSY breaking scale Mg and VEV of the
singlet field are considerably larger than the EW scale
the mass matrix (62) and (63) has a hierarchical structure.
Therefore, the masses of the heaviest Higgs bosons are
closely approximated by the diagonal entries M3, and M2,
which are expected to be of the order of M2 or even higher.
All off-diagonal matrix elements are relatively small
< MgM,. As a result the mass of one CP-even Higgs
boson (approximately given by H) is governed by my,
while the mass of another one (predominantly the N singlet
field) is set by M. Since the minimal eigenvalue of the
mass matrix (62) and (63) is always less than its smallest
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diagonal element at least one Higgs scalar in the CP-even
sector (approximately %) remains light even when the
SUSY breaking scale tends to infinity, i.e. m%] = M3,.

The direct Higgs searches at LEP set stringent limits on
the parameter space of supersymmetric extensions of the
SM. In order to establish the corresponding restrictions on
the parameters of the ESSM we need to specify the cou-
plings of the neutral Higgs particles to the Z boson. In the
rotated field basis (h, H, N) the trilinear part of the
Lagrangian, which determines the interaction of the neutral
Higgs states with the Z boson, is simplified:

8 8
LAZH = EMZZIMZIMh + EZIM[H(()MA) - (QMH)A]

(64)

Here we assume that the mixing between Z and Z' is
negligibly small and can be safely ignored so that Z; =
Z. In the considered case only one CP-even component A
couples to a pair of Z bosons while another one H interacts
with the pseudoscalar A and Z;. The coupling of 4 to the Z;
pair is exactly the same as in the SM. In the Yukawa
interactions with fermions the first component of the
CP-even Higgs basis also manifests itself as a SM-like
Higgs boson.

The couplings of the Higgs scalars to a Z; pair (g7, i =
1, 2, 3) and to the Higgs pseudoscalar and Z boson (gz4;)
appear because of the mixing of 4 and H with other
components of the CP-even Higgs sector. Following the
traditional notations we define the normalized R couplings
as gzzn. = Rzz; X SM coupling; gz4;,, = %Rzmu The ab-
solute values of all R couplings vary from zero to unity.

The components of the CP-even Higgs basis are related
to the physical CP-even Higgs eigenstates by virtue of a
unitary transformation:

£)-()

Combining the Lagrangian (64) and relations (65) the
normalized R couplings may be written in terms of the
mixing matrix elements according to

(65)

Rzai (66)

Rzzi = U, = Uy

If all fundamental parameters are real the CP-even Higgs
mass matrix (62) and (63) is symmetric and the unitary
transformation (65) reduces to an orthogonal one. The
orthogonality of the mixing matrices U results in sum

rules:
ZRZAI 1’

ZRZZz 1’

ZRZZiRZAi = 0.
i

(67)

The conditions (67) allow to eliminate three R couplings.
As a result, in the limit @;, — 0 the interactions of the
neutral Higgs particles with a Z boson are described by
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three independent R couplings. The dependence of spec-
trum and couplings of the Higgs bosons on the parameters
of the ESSM will be examined in the following section.

V. HIGGS PHENOMENOLOGY

A. Higgs masses and couplings
1. The MSSM limit A\ — 0, s — o0

First of all we consider the spectrum and couplings of
the Higgs bosons in the ESSM. Let us start from the MSSM
limit of the ESSM when A — 0, s — o0 with w4 ~ As
held fixed in order to give an acceptable chargino mass and
EWSB. From the first minimization conditions (48) it
follows that such a solution can be obtained for very large
and negative values of m% only.

As s — oo the CP-even Higgs state, which is predomi-
nantly a singlet field, Z’ boson and all exotic quarks and
non-Higgsinos become very heavy and decouple from the
rest of the particle spectrum. Then by means of a small
unitary transformation the CP-even Higgs mass matrix in
Eq. (62) reduces to the block diagonal form [62]

4
2 _ My 2 _M13M32
Mll M% M12 MZ 0
2 72
12 ~ 2 _ My M5, M
M*= = M21 M%3 M22 MZ 0
2
0 0 M2, + 2 + Mz
(68)

For small values of A the top-left 2 X 2 submatrix in
Eq. (68) reproduces the mass matrix of the CP-even
Higgs sector in the MSSM. So at tree level we find

5 \/_)\AA

2 2 2
~m45s +m m
A W A7 sin2 ,8

My«

25 \/(mi + M2)? — 4miM%cos?*2 8],
mj, = g 0%s% (69)

In Eq. (69) the terms of O(A?v?) are omitted, and s > v?
is assumed.

Since the enlargement of s leads to the growth of the
mass of the singlet dominated Higgs state m,,, which is
very close to M, the mixing between N and neutral
components of the Higgs doublets diminishes when A
tends to zero. Thus in the MSSM limit of the ESSM the
couplings of the heaviest CP-even Higgs boson to the
quarks, leptons, and gauge bosons vanish and the MSSM
sum rules for the masses and couplings of the two lightest
Higgs scalars and pseudoscalar are recovered. As in the
minimal SUSY model the masses of MSSM-like Higgs
bosons are defined by m, and tanB. They grow if my,
increases and at large values of my (m} > M2) the mass
of the lightest CP-even Higgs boson attains its theoretical
upper bound which is determined by the Z boson mass at
tree level, i.e. m; = My|cos2| [63].

L )
mhl,hz_z[mA
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2 A= g

When A = g} = g, = 0.46 the qualitative pattern of the
spectrum of the Higgs bosons is rather similar to the one
which arises in the PQ symmetric NMSSM [62,64]. We
first give an analytic discussion of the spectrum at tree
level, then discuss the spectrum numerically including one-
loop radiative corrections.

Assuming that in the allowed part of the parameter space
M3, > M3, > M3, the perturbation theory method yields

4 4 4
2 , | My 2 g My Mis
m M5, + , M + ,
hs 20 hy 372 2
2 2 33
\ (70)
2 o M
my, T2
33

Here we neglect all terms suppressed by inverse powers of

m3 or M2, i.e. O(M3/m3) and O(M3,/M2)).

At tree level the masses of the Higgs bosons can be
written as

5 2)12.8‘2)(

my =——_—

sin“23

m%l3 = m} + O(M2),

+ 0(M3), m>2

H:—mA—i-O(M)

252 + 0(M2),
(71)

_81

)\2 gZ
m; = > v2sin?28 + T v2cos?23

1
+ gPv* (0 cos’B + QZSinz,B)Q

/\4 2
07 (1 —x+8 el (Q10082B + Qpsin B)Qs)
; O(M4Z/MZ,), (72)

where

X =

\/_ sin2 3.
As

As is evident from the explicit expression for m%l given
above at A2 >> g2 the last term in Eq. (72) dominates and
the mass of the lightest Higgs boson tends to be negative if
the auxiliary variable x is not close to unity. In this case the
vacuum stability requirement constrains the variable x
around unity. As a consequence my is confined in the
vicinity of w tan8 and is much larger than the masses of
the Z' and lightest CP-even Higgs boson. At so large
values of m, the masses of the heaviest CP-even,
CP-o0dd, and charged states are almost degenerate around
my.

In Fig. 4 we plot masses and couplings of the Higgs
bosons as a function of m,. As a representative example we
fix tanB = 2 and VEV of the singlet field s = 1.9 TeV,
that corresponds to Mz =~ 700 GeV which is quite close to
the current limit on the Z' boson mass. For our numerical
study we also choose the maximum possible value of
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FIG. 4. Higgs masses and couplings for A(M,) = 0.794, tanf3 = 2, M, = My = 700 GeV, and X, = +/6Mj. (a) The dependence of
the lightest Higgs boson mass on m1,. (b) One-loop masses of the CP-even Higgs bosons versus m,. Solid, dashed, and dashed-dotted
lines correspond to the masses of the lightest, second lightest, and heaviest Higgs scalars, respectively. (c) One-loop masses of the
CP-odd, heaviest CP-even and charged Higgs bosons versus m,. Dotted, dashed-dotted, and solid lines correspond to the masses of
the charged, heaviest scalar, and pseudoscalar states. (d) Absolute values of the relative couplings Rz, of the Higgs scalars to Z pairs.
Solid, dashed, and dashed-dotted curves represent the dependence of the couplings of the lightest, second lightest, and heaviest
CP-even Higgs states to Z pairs on n4. (¢) Absolute values of the relative couplings Rz, of the CP-even Higgs bosons to the Higgs
pseudoscalar and Z as a function of m,. The notations are the same as in Fig. 4(d).

A(M,) = 0.794 which does not spoil the validity of pertur-
bation theory up to the grand unification scale. In order to
obtain a realistic spectrum, we include the leading one-
loop corrections from the top and stop loops. The contri-
butions of these corrections to m%, mzi, and mass matrix
of the CP-even Higgs states (62) and (63) depend rather
strongly on the soft masses of the superpartners of the top

quark (mg, and m7) and the stop mixing parameter X, =

_ As
At \/EtanB

Mg = 700 GeV while the stop mixing parameter is taken
to be +/6Mj in order to enhance stop-radiative effects.

. Here and in the following we set my = my =

From Fig. 4(a) it becomes clear that the mass of the
lightest Higgs scalar changes considerably when m, varies.
At m, below 2 TeV or above 3 TeV the mass squared of the
lightest Higgs boson tends to be negative. A negative
eigenvalue of the mass matrix (62) and (63) means that
the considered vacuum configuration ceases to be a mini-
mum and turns into a saddle point. Near this point there is a
direction in field space along which the energy density
decreases generating instability of the given vacuum con-
figuration. The requirement of stability of the physical
vacuum therefore limits the range of variations of my
from below and above. Together with the experimental

035009-19



S.F. KING, S. MORETTI, AND R. NEVZOROV

lower limit on the mass of the Z' boson it maintains the
mass hierarchy in the spectrum of the Higgs particles seen
in Figs. 4(b) and 4(c). Relying on this mass hierarchy one
can diagonalize the 3 X 3 mass matrix of the CP-even
Higgs sector.

The numerical results in Figs. 4(a)—4(c) confirm the
analytic tree-level results discussed earlier. The numerical
analysis reveals that the masses of the two heaviest
CP-even, CP-odd, and charged Higgs states grow when
the VEV of the SM singlet field (or M) increases. The
masses of the heaviest scalar, pseudoscalar, and charged
Higgs fields also rise with increasing A, my, and tan 8 while
the mass of the second lightest Higgs scalar is almost
insensitive to variations of these parameters. The growth
of the masses of heavy Higgs bosons caused by the in-
crease of tan3 or s does not affect much the lightest Higgs
scalar mass which lies below 200 GeV [see Fig. 4(a)].

Turning now to a discussion of the couplings, the hier-
archical structure of the mass matrix of the CP-even Higgs
sector for A = g; allows one to get approximate solutions
for the Higgs couplings to the Z boson. They are given by

|R | ~ |M%3|
7721 — 2
M33

1 /M?,\2
Ryl =1—-(=13),
IRzl Z(M_%)

|M3, | Mi,  M3EMi,
R ~ , R ~ | —=— , (73
| ZZ3| M%l | ZAll M%z M%2M%3 ( )
|M35] 1 /M2\2
|Rz40| = 2 |Rza3l =1 — —<i> .
M3, 2\M3,

The obtained approximate formulas for the Higgs cou-
plings (73) indicate that R, > Rz;, > R;7; and
Rza3 2> Rza2 3> Rza,.

The analytic discussion of the couplings is confirmed by
the numerical results for R;,; and Rz,; shown in Figs. 4(d)
and 4(e) where the results of our numerical analysis in-
cluding leading one-loop corrections to the CP-even Higgs
mass matrix from the top quark and its superpartners are
presented. From Eq. (73) as well as from Figs. 4(d) and
4(e) one can see that the couplings of the second lightest
Higgs boson to a Z pair and to the Higgs pseudoscalar and
Z are always suppressed. They are of O(M,/M,) and
O(M,/my,), respectively, which is a manifestation of the
singlet dominated structure of the wave function of the
second lightest Higgs scalar. The heaviest CP-even Higgs
boson is predominantly a superposition of neutral compo-
nents of Higgs doublets H. This is a reason why its relative
coupling to the pseudoscalar and Z is so close to unity [see
Eq. (64)]. The main contribution to the wave function of
the lightest Higgs scalar gives the first component of the
CP-even Higgs basis h. Because of this the relative cou-
pling of the lightest CP-even Higgs boson to Z pairs tends
to unity in the permitted range of the parameter space.
Because mixing between H and £ is extremely small the
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couplings R73 and Rz, are almost negligible, i.e. they are
of O(M%/m3).

IA=sg

With decreasing A the qualitative pattern of the Higgs
spectrum changes significantly. In Fig. 5 the masses of the
Higgs particles and their couplings to Z are examined as a
function of m, for A(M,) = 0.3. The values of tan8 and
My are taken to be the same as in Fig. 4. For A < g} =
g1 = 0.46 the allowed range of m, enlarges because mix-
ing between the first and third components of the CP-even
Higgs basis reduces. In particular the mass squared of the
lightest Higgs boson remains positive even when m, ~
M, as shown in Fig. 5(a). Therefore the lower bound on
the Higgs pseudoscalar mass disappears so that charged,
CP-odd and second lightest CP-even Higgs states may
have masses in the 200—300 GeV range [see Figs. 5(b)
and 5(c)]. But the requirement of vacuum stability still
prevents having very high values of m, (or x). Indeed from
Eq. (72) it is obvious that very large values of x (or my)
pulls the mass squared of the lightest Higgs boson below
zero destabilizing the vacuum. This sets upper limits on the
masses of charged and pseudoscalar Higgs bosons.

At least one scalar in the Higgs spectrum is always
heavy since it has almost the same mass as the Z’ boson,
which must be heavier than 600 GeV. The mass of this
CP-even Higgs state is determined by the VEV of the
singlet field and does not change much if the other parame-
ters A, tan3, and m, vary. As before the masses of the other
CP-even, CP-odd, and charged Higgs fields grow when m,
rises providing the degeneracy of the corresponding states
at my > M,. The growth of tan8 and s enlarges the
allowed range of m, increasing the upper limit on the
pseudoscalar mass. The permitted interval for m, is also
expanded when A diminishes.

The couplings of the neutral Higgs bosons to Z depend
rather strongly on the value of the pseudoscalar mass. At
small values of m, the second lightest Higgs scalar gains a
relatively low mass. Because of this the mixing between H
and £ is large and relative couplings of the lightest Higgs
scalars to Z pairs and to the pseudoscalar and Z are of the
order of unity [see Figs. 5(d) and 5(e)]. The couplings of
the heaviest CP-even Higgs state to other bosons and
fermions are tiny in this case since it is predominantly a
singlet field. If the lightest Higgs scalar and pseudoscalar
had low masses and large couplings to the Z they could be
produced at LEPII. Nonobservation of these particles at
LEP rules out most parts of the ESSM parameter space for
my < 200 GeV.

When m, is much larger than M, but is less than M the
heaviest Higgs scalar state is still singlet dominated which
makes its couplings to the observed particles negligibly
small. The hierarchical structure of the CP-even Higgs
mass matrix ensures that the lightest and second lightest
Higgs scalars are predominantly composed of the first and
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FIG. 5. Higgs masses and couplings for A(M,) = 0.3, tanB8 = 2, M = Mg = 700 GeV, and X, = V6M. (a) One-loop masses of
the Higgs scalars versus m,. (b) The dependence of the lightest Higgs boson mass on m,4. (c) One-loop masses of the CP-odd, heaviest
CP-even, and charged Higgs states versus my. (d) Absolute values of the relative couplings Ry, of the CP-even Higgs bosons to Z
pairs. (¢) Absolute values of the relative couplings R4, of the Higgs scalars to the Higgs pseudoscalar and Z as a function of my4. The

notations are the same as in Fig. 4.

second components of the CP-even Higgs basis, respec-
tively. Therefore R,;; and R,,, are very close to unity
while R, and R,,; are suppressed. When m, approaches
the Z' boson mass the mixing between S and H becomes
large. This leads to appreciable values of the R4, and R 43
couplings as displayed in Fig. 5(e). However both of these
relative couplings may be simultaneously large only in a
very narrow part of the parameter space where m, =~ M.
At the same time the relative couplings of the heaviest
Higgs scalars to Z pairs are still much less than unity in this
range of parameters because the mixing between the first
and the other components of the CP-even Higgs basis
remains very small [see Fig. 5(d)]. Further increasing m,
mimics the mass hierarchy of the CP-even Higgs sector
appeared at A = g;. As a result the pattern of the Higgs

couplings is rather similar to the one shown in Figs. 4(d)
and 4(e).

B. Upper bound on the lightest CP-even Higgs
boson mass

It is apparent from Figs. 4(b) and 5(b), as well as our
analytic considerations, that at some value of m, (or x) the
lightest CP-even Higgs boson mass attains its maximum
value. This coincides with the theoretical upper bound on

my, given by the first element of the mass /M3,. In this

subsection we shall obtain an absolute upper bound on the
lightest CP-even Higgs boson mass in the ESSM, and
compare it to similar bounds obtained in the MSSM and
NMSSM.
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1. Tree-level upper bound

At tree level the lightest Higgs scalar mass is obtained
from Eq. (72) where the first three terms on the right-hand
side are positive definite, while the fourth term is always
negative, and the upper bound therefore corresponds to
taking this term to be zero. The contribution of the extra
U(1)y D term to the upper limit on m;, may be closely
approximated as

g?v*(0;cos’B + Q,sin?B)? =~ (%)2@ + % cos2,8>2.
(74)

Using this approximation, the tree-level upper bound on
the lightest CP-even Higgs boson is given by

A2 M> 1 2
mp = ?vzsin22,8 + Mcos?28 + TZ<1 +7 cos2,8> :

(75)

The first and second terms are similar to the tree-level
terms in the NMSSM [14]. The extra U(1)y effect appears
through the third term in Eq. (72) which is a contribution
coming from the additional U(1)y D term in the Higgs
scalar potential [65].

At tree level the theoretical restriction on the lightest
Higgs mass in the ESSM depends on A and tan only. As it
was noticed in Sec. III the requirement of validity of
perturbation theory up to the grand unification scale con-
strains the interval of variations of the Yukawa coupling A
for each value of tanf. The allowed range of A as a
function of tanB was shown in Fig. 3. Using the results
of the analysis of the RG flow in the ESSM one can obtain
the maximum possible value of the lightest Higgs scalar for
each particular choice of tang.

In Fig. 6(a) we plot maximum values of the square roots
of different contributions in Eq. (75) to the tree-level upper

limit on mfll versus tan. It is clear that at moderate values

of tanB ~ 1 — 3 the term A?v?/2sin*28 from the F term
involving the singlet field dominates. With increasing tan3
it falls quite rapidly and becomes negligibly small as
tanB = 15. In contrast the contribution of the SU(2) and
U(l)y D terms grows when tan8 becomes larger. At
tan8 = 4 it exceeds A?v?/2sin’*283 and gives the dominant
contribution to the tree-level upper bound on m,, . As one
can see from Fig. 6(a) the D term of the extra U(1)y gives
the second largest contribution to the tree-level theoretical
restriction on my, at very large and low values of tanp,
when tang is less than 1.6 or larger than 8. In the part of the
ESSM parameter space where the upper limit on my,
reaches its absolute maximum value its contribution is
the smallest one. According to Eq. (75) the square root
of the U(1)y D term contribution to m%,l varies from 45 to
34 GeV when tanB changes from 1.1 to 14.

The resulting tree-level upper bound on the mass of the
lightest Higgs particle in the ESSM is presented in
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FIG. 6 (color online). (a) Different contributions to the tree-
level upper bound on m1;,, in the ESSM versus tanB. Solid line
represents the tree-level theoretical restriction on the lightest
Higgs boson mass in the MSSM: M| cos23|. Dashed-dotted
line is a contribution of extra U(1)y D term: g}v|Q,cos’>B +
Q,sin?B|. Dotted line is the maximum possible contribution of
the F term corresponding to the SM singlet field S: %v sin2 8.
(b) Tree-level upper bound on the lightest Higgs boson mass as a
function of tanfB. The solid, lower, and upper dotted lines
correspond to the theoretical restrictions on m,, in the MSSM,
NMSSM, and ESSM, respectively.

Fig. 6(b), and compared to the corresponding bounds
in the MSSM and NMSSM. In the ESSM the bound attains
a maximum value of 130 GeV at tanf = 1.5-1.8.
Remarkably, we find that in the interval of tang from 1.2
to 3.4 the absolute maximum value of the mass of the
lightest Higgs scalar in the ESSM is larger than the experi-
mental lower limit on the SM—-like Higgs boson even at
tree level. Therefore nonobservation of the Higgs boson at
LEP does not cause any trouble for the ESSM, even at tree
level.

The upper bound on the mass of the lightest CP-even
Higgs scalar in the NMSSM exceeds the corresponding
limit in the MSSM because of the extra contribution to m%l

induced by the additional F term in the Higgs scalar
potential of the NMSSM. The size of this contribution,
which is described by the first term in Eq. (75), is deter-
mined by the Yukawa coupling A whose interval of varia-
tions is constrained by the applicability of perturbation
theory at high energies. The upper limit on the coupling
A caused by the validity of perturbation theory in the
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NMSSM is more stringent than in the ESSM due to the
presence of exotic 5 + Splets of matter in the particle
spectrum of the ESSM. Indeed extra SU(5) multiplets of
matter change the running of the gauge couplings so that
their values at the intermediate scale rise when the number
of new supermultiplets increases. Since g;(Q) occurs in the
right-hand side of the differential Eqs. (38) with negative
sign the growth of the gauge couplings prevents the ap-
pearance of the Landau pole in the evolution of the Yukawa
couplings. It means that for each value of the top-quark
Yukawa coupling (or tan3) at the EW scale the maximum
allowed value of A(M,) rises when the number of 5 +
Splets increases. The increase of A(M,) is accompanied
by the growth of the theoretical restriction on the mass of
the lightest CP-even Higgs particle. For instance, it was
shown that the introduction of four pairs of 5 + 5 super-
multiplets in the NMSSM raised the two-loop upper limit
on the lightest Higgs boson mass from 135 to 155 GeV
[66]. This is also a reason why the tree-level theoretical
restriction on m;, in the next-to-minimal SUSY model is
considerably less than in the ESSM at moderate values of
tang.

Atlarge tan >> 10 the contribution of the F term of the
SM singlet field to mf” vanishes. Therefore with increasing

tanS the upper bound on the lightest Higgs boson mass in
the NMSSM approaches the corresponding limit in the
minimal SUSY model. In the ESSM the theoretical restric-
tion on the mass of the lightest Higgs scalar also dimin-
ishes when tan B rises. But even at very large values of tan3
the tree-level upper limit on m,, in the ESSM is still 6—
7 GeV larger than the ones in the MSSM and NMSSM
because of the U(1)y D-term contribution.

2. One-loop upper bound

So far we have discussed the bounds at tree level. Now
we shall include radiative corrections in our discussion. It
is well known that the inclusion of loop corrections from
the top quark and its superpartners increases the bound on
the lightest Higgs boson mass in the ESSM substantially. In
the ESSM and in the NMSSM these corrections are nearly
the same as in the MSSM. The leading one-loop and two-
loop corrections to the lightest Higgs boson mass in the
MSSM were calculated and studied in [67-69], respec-
tively. However, in contrast with the MSSM and NMSSM,
the ESSM contains extra supermultiplets of exotic matter.
Because it is not clear a priori if the corrections induced by
the loops involving new particles affect the mass of the
lightest Higgs scalar considerably, we include in our analy-

sis leading one-loop corrections to mﬁ] from the exotic

quarks since their couplings to the singlet Higgs field tend
to be large at low energies enhancing radiative effects. In
the leading approximation the upper bound on the lightest
Higgs boson mass in the ESSM can be written as
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L) 4 4
+ Al 4+ AP,

A2 M2 1 2
mi < —v%sin?2B + M%cos?2B + —Z<1 + = cos2B>
(76)

where the third term represents the U(1)y D-term contri-
bution while A?; and AP, are one-loop corrections from the
top-quark and D-quark supermultiplets, respectively.
When mj,; = m%. = M the contribution of one-loop cor-
rections to m%l from the superpartners of D quarks reduces

to
3A2k202 mp, mp,
AP = —32K’v sin®23 1n|:4Dlé2 Dz”} (77)

2
i=1,2,3 T

In Figs. 7(a) and 7(b) we explore the dependence of one-
loop upper bound on the lightest Higgs boson mass on the
Yukawa couplings «; and A. We consider two different
cases when k; = k, = 0, k3 = « [see Fig. 7(a)] and k; =
Ky, = k3 = k [see Fig. 7(b)]. To simplify our analysis the
soft masses of the superpartners of exotic and top quarks
are set to be equal, i.e. mg = my = mp; = mz = Ms. In
order to enhance the contribution of loop effects we as-
sume maximal mixing in the stop sector (X, = +/6M) and
minimal mixing between the superpartners of exotic
quarks D and D, i.e. A,; = 0. As before we keep My =
Mz =700 GeV and tanB = 2. Then the theoretical re-
striction on the mass of the lightest Higgs scalar (76) is
defined by the couplings A and « only.

In the plane A/h, — «/h, the set of points that results in
the same upper limit on m;, forms a line. For any choice of
A and « lying below the line the lightest Higgs particle has
a mass which is less than the theoretical restriction that
corresponds to this line. Curvature of the line characterizes
the dependence of the upper bound on the lightest Higgs
boson mass on the Yukawa coupling «. If « is zero the one-
loop contribution of the exotic squarks to mﬁ] vanishes.
When « grows the exotic squark contribution to m%l and
the upper limit on the mass of the lightest Higgs scalar rise.
As a consequence the same theoretical restriction on m, is
obtained for smaller values of A(M,). But from Figs. 7(a)
and 7(b) one can see that the increase of x(M,) within the
allowed range of the parameter space does not lead to the
appreciable decrease of A(M,) that should compensate
the growth of exotic squark contribution to m,zll. It means
that the contribution of the exotic squarks is always much
smaller than the first term in Eq. (76). Numerically the
increase of the lightest Higgs boson mass caused by the
inclusion of the exotic squark contribution does not exceed
a few GeV.

3. Two-loop upper bound

We also include in our analysis leading two-loop cor-
rections to m%l from the top quark and its superpartner. In

the two-loop leading-log approximation the upper bound
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(a) One-loop upper bound on the lightest Higgs boson mass as a function of the Yukawa couplings in the (A/h,)-(x/h,) plane

for k1 (M,) = k(M) = 0 and k;(M,) = k. (b) One-loop upper limit on m,, versus Yukawa couplings in the (A/h,)-(«/h,) plane for
k1 (M,) = k(M) = k3(M,) = k. (c) Two-loop upper limit on m,, as a function of the Yukawa couplings in the (A/h,)-(x/h,) plane
for k;(M,) = k,(M,) = 0 and «3(M,) = k. (d) Two-loop upper bound on the mass of the lightest Higgs scalar versus Yukawa
couplings in the (A/h,)-(x/h,) plane for «;(M,) = ky(M,) = k3(M,) = k. Thick, solid, dashed-dotted, and dashed lines in Figs. 7(a)—
7(d) correspond to m;, = 160, 150, 140, 130 GeV, respectively. The dotted line represents the allowed range of the parameter space for

2 — 2

A1(M;) = X;(M,) = 0. Theoretical restrictions on the lightest Higgs boson mass are obtained for tang = 2, my = my; = mp,; =

m% = M3, X, = JJ6M;, and Mg = 700 GeV.

on the lightest Higgs boson mass in the ESSM can be
written in the following form:

A2 M? 1 2
m? < [2 v2sin28 + M%cos?23 + TZ<1 +7 cos2,8> }

1
“U +1

" (1 32 ) . 3h;*u2sin43{
2

Pyl 32

1 /3
(5 h? — 8g§>(Ut + l)l} + AP,

16772
X? 1 Xx? M?
U, = 2—’<1 - —’>, /= 1n[—5} (78)
LM 12 M3 m?

Here we keep one-loop leading-log corrections from the
exotic squarks. Equation (78) is a simple generalization of
the approximate expressions for the theoretical restriction
on the mass of the lightest Higgs particle obtained in the
MSSM [69] and NMSSM [70]. The inclusion of leading
two-loop corrections reduces the upper limit on m,, sig-

nificantly and nearly compensates the growth of the theo-
retical restriction on m;, with increasing SUSY breaking
scale Mg which is caused by one-loop corrections.

The dependence of the two-loop upper bound (78) on A
and « for two different choices of the Yukawa couplings of
exotic quarks described above is examined in Figs. 7(c)
and 7(d). After the incorporation of two-loop corrections
the line that corresponds to the 160 GeV upper limit on the
lightest Higgs boson mass lies beyond the permitted range
of the parameter space while in the one-loop approxima-
tion even larger values of my, are allowed. The distortion
of the lines, which represent different theoretical restric-
tions on the mass of the lightest Higgs scalar in the ESSM,
still remains negligible. It demonstrates the fact that the
exotic squark contribution to mi] is much less than the
leading two-loop corrections from the top quark and its
superpartners to m%l].

From Fig. 7 it follows that for each given value of tan3
the mass of the lightest Higgs particle attains its maximum
when A(M,) — Ay, and k — 0. Nevertheless the depen-
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dence of the upper limit (78) on « is rather weak so that the
theoretical restriction on the lightest Higgs boson mass for
k = 0 and for k = g are almost identical. The upper limit
on my, is very sensitive to the choice of A and tang.
Therefore at the last stage of our analysis we explore the
dependence of the two-loop upper bound (78) on tanf
keeping k = 0 (i.e. AP, =0) and relying on the results
of our study of the RG flow summarized in Fig. 3.

The dependence of the two-loop theoretical restrictions
on my, on tanfB shown in Figs. 8(a) and 8(b) resembles the
tree-level one. But the interval of variations of the upper
bound on m;, shrinks. In Figs. 8(a) and 8(b) we consider
maximal (X, = \/6M) and minimal (X, = 0) mixing in
the stop sector, respectively. Again at moderate values of
tan = 1.6-3.5 the upper bound on the lightest Higgs
boson mass in the ESSM is considerably higher than in
the MSSM and NMSSM because of the enhanced contri-
bution of the F term of the SM singlet field to m%l].
Although the two-loop theoretical restriction on my, in
the ESSM reduces with increasing tang it still remains
4-5 GeV larger than the corresponding limits in the
MSSM and NMSSM owing to the U(1)y D-term contri-
bution. This contribution is especially important in the case
of minimal mixing between the superpartners of the top
quark. In the considered case the two-loop theoretical
restriction on my, in the MSSM and NMSSM is less than
the experimental limit on the SM-like Higgs boson mass
set by LEPII. As a result the scenario with X, = 0 is ruled
out in the MSSM. The contribution of an extra U(1)y D
term to m%l raises the upper bound (78) at large tan8 = 10
slightly above the existing LEP limit thus relaxing the
constraints on the ESSM parameter space [see Fig. 8(b)].

The growth of X, from 0 to /6M increases the theo-
retical restriction on the lightest Higgs boson mass in the
ESSM by 10-20 GeV. The upper limit on my, is most
sensitive to the choice of X, at low and large values of tan3
where the growth of the corresponding theoretical restric-
tion reaches 20 and 15 GeV, respectively. At the same time
the absolute maximum value of the lightest Higgs boson
mass rises by 10 GeV only. In total leading one-loop and
two-loop corrections modify the maximum possible value
of the mass of the lightest Higgs scalar by 20 GeV by
increasing it up to about 150 GeV.

Note that the quoted upper limits for the ESSM, as well
as the MSSM and NMSSM, are sensitive to the value of the
top-quark mass, and the SUSY breaking scale, and depend
on the precise form of the two-loop approximations used.
Here we have used an analytic approximation of the two-
loop effects which slightly underestimates the full two-
loop corrections. We have also taken the SUSY scale to be
|
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FIG. 8 (color online). (a) The dependence of the two-loop
upper bound on the lightest Higgs boson mass on tanfB for
m(M,) = 165 GeV, m} = m}, = M3}, X, = \J6My, and Mg =
700 GeV. The solid, lower, and upper dotted lines represent the
theoretical restrictions on m,, in the MSSM, NMSSM, and
ESSM, respectively. (b) Two-loop upper bound on the mass of
the lightest Higgs particle in the MSSM, NMSSM, and ESSM
versus tanf for X, = 0. Other parameters and notations are the
same as in Fig. 8(a).

given by 700 GeV. The upper bounds quoted here may
therefore be further increased by several GeV by making
slightly different assumptions. The main point we wish to
make is that the upper bound on the lightest CP-even
Higgs scalar in the ESSM is always significantly larger
than in the NMSSM, as well as the MSSM.

VI. CHARGINOS AND NEUTRALINOS

A. Chargino and neutralino states in the ESSM

After EWSB all superpartners of the gauge and Higgs
bosons get nonzero masses. Since the supermultiplets of
the Z' boson and SM singlet Higgs field S are electro-
magnetically neutral they do not contribute any extra par-
ticles to the chargino spectrum. Consequently the chargino
mass matrix and its eigenvalues remain the same as in the
MSSM, namely,

1
m/\’lt,z_Z

[M3 + ply +2M3%, = \/(M§ + w2y + 2ME)? — (Mo ey — M3, sin28)?],

(79)
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N

where M, is the SU(2) gaugino mass and ey = 3—5

Unsuccessful LEP searches for SUSY particles including
data collected at /s between 90 and 209 GeV set a 95% CL
lower limit on the chargino mass of about 100 GeV [71].
This lower bound constrains the parameter space of the
ESSM restricting the absolute values of the effective u
term and M, from below, ie. |[M,|, |wes] =90 —
100 GeV.

In the neutralino sector of the ESSM there are two
extra neutralinos besides the four MSSM ones. One of
them is an extra gaugino coming from the Z’ vector

supermultiplet. The other one is an additional Higgsino S
|

PHYSICAL REVIEW D 73, 035009 (2006)

(singlino) which is a fermion component of the SM singlet
superfield S. The Higgsino mass terms in the Lagrangian
of the ESSM are induced by the trilinear inter-
action AS(H H,) in the superpotential (19) after the break-
down of gauge symmetry. Because of this their values are
determined by the coupling A and VEVs of the Higgs
fields. The mixing between gauginos and Higgsinos is
proportional to the corresponding gauge coupling and
VEV that the scalar partner of the considered Higgsino
gets. Taking this into account one can obtain a 6 X 6
neutralino mass matrix that in the interaction basis
(B, W, HY, HY, S, B') reads

Ml 0 —%g’vl %g’vz O 0
0 M, tgvy,  —igu, 0 0
_églvl %gvl — Meff _%2 0,8\v
MX/O - 1 _1 _ B O _ M A i (80)
78 V2 78V et 5 812
0 -t =0 Osgls
0 0 0181v1  0281v2 0Osgis M

where M|, M,, and M| are the soft gaugino masses for B,
W5, and B’, respectively. In Eq. (80) we neglect the
Abelian gaugino mass mixing M;, between B and B’ that
arises at low energies as a result of the kinetic term mixing
even if there is no mixing in the initial values of the soft
SUSY breaking gaugino masses near the grand unification
or Planck scale [52]. The top-left 4 X 4 block of the mass
matrix (80) contains the neutralino mass matrix of the
MSSM where the parameter u is replaced by poe. The
lower right 2 X 2 submatrix represents extra components
of neutralinos in the considered model. The neutralino
sector in Eg inspired SUSY models was studied recently
in [20,25,31,36,37,40,72,73].

As one can see from Egs. (79) and (80) the masses of
charginos and neutralinos depend on A, s, tanf3, M, M’,,
and M,. In SUGRA models with uniform gaugino masses
at the grand unification scale the RG flow yields a rela-
tionship between M;, M/, and M, at the EW scale:

M} =M, = 0.5M,. (81)

This reduces the parameter space in the neutralino sector of
the ESSM drastically. It allows to study the spectrum of
chargino and neutralino as a function of only one gaugino
mass, for example M, for each set of A, s, and tang.

B. Chargino and neutralino spectrum

The qualitative pattern of chargino and neutralino
masses is determined by the Yukawa coupling A, depend-
ing on whether A is less than g} or not. Because in the
MSSM limit of the ESSM, when A — 0, the phenomeno-
logically acceptable solution implies that s = M,/ A, the
extra U(1)y gaugino B’ and singlino S decouple from the

{
rest of the spectrum forming two eigenstates (B = §)/+/2
with mass M, = Q s&1s. Mixing between new neutralino
states and other gauginos and Higgsinos vanishes in this
case rendering the neutralino sector in the ESSM indistin-
guishable from MSSM at the LHC and ILC. Here it is
worthwhile to emphasize that the direct observation of
extra neutralino states in the ESSM is unlikely to occur
in the nearest future anyway. Since off-diagonal entries of
the bottom right 2 X 2 submatrix of the neutralino mass
matrix (80) are controlled by the Z' boson mass new
neutralinos are always very heavy (~1 TeV) preventing
the distinction between the ESSM and MSSM neutralino
sectors.

When A > g| the typical pattern of the spectrum of
neutralinos and charginos changes. In Figs. 9(a) and 9(b)
we examine the dependence of the neutralino and chargino
masses on M, assuming the unification of the soft gaugino
mass parameters at the scale My. As a representative
example we fix A=0.794, tan8 =2, and My =
700 GeV (s = 1.9 TeV). We restrict our consideration to
the most attractive part of the parameter space, in which the
lightest chargino is accessible at future colliders, i.e.
|M,| = 300 GeV. In order to get the spectrum of neutra-
linos we diagonalize the mass matrix (80) numerically. As
a consequence we obtain a set of positive and negative
eigenvalues of this matrix which are presented in Fig. 9(a).
However the physical meaning is only their absolute
values.

In the considered part of the parameter space the heav-
iest chargino and neutralinos are almost degenerate with
mass |ueg|. They are formed by the neutral and charged
superpartners of the Higgs bosons. As one can see from
Figs. 9(a) and 9(b) the masses of the heaviest chargino and
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FIG. 9. (a) Neutralino spectrum in the ESSM as function of M,
for A(M,) = 0.794, tanB = 2, and M = 700 GeV. (Only the
absolute values of the neutralino masses have physical meaning.)
(b) Chargino masses versus M;. The parameters are the same as
in Fig. 9(a).

neutralinos are almost insensitive to the choice of the
gaugino masses if |M;| < 300 GeV. The U(1)y gaugino
B’ and singlino § compose two other heavy neutralino
eigenstates whose masses are closely approximated as
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FIG. 10. (a) The dependence of neutralino masses in the ESSM
on M, for A(M,) = 0.3, tan8 = 2, and M, = 700 GeV. (Only
the absolute values of the neutralino masses have physical
meaning.) (b) Chargino spectrum as function of M. The set of
parameters is the same as in Fig. 10(a).

VEV of the SM singlet field and are practically indepen-
dent of tang.

At low energies heavy neutralinos decouple and the
spectrum of the two lightest ones is described by the 2 X
2 mass matrix

1 —
|mxg4| ~ 5[ MP? +4MZ, + M1 (82) . B
. . ) _ M, — £~ sin2p3 88Y sin23
The four heaviest neutralinos and chargino gain masses M;(O =~ eg's? " "gzvz ) , (83)
beyond 500 GeV range so that their observation at the LHC 4 SIn2p My — - sin2
and ILC looks rather problematic. The masses of the
heaviest neutralino and chargino states rise with increasing ~ whose eigenvalues are
|
M3 M3 2 Mz
Iy = | My + M, - 72 sin2B T \/<M1 My — 72 sin2,8> - 4<M1M2 - 72M> ‘ (84)

where
M = Mzsinzaw + Mlcoszew.

The superpartners of charged SU(2) gauge bosons form the
lightest chargino state with mass
M2
Im-| = | M, ——Lsin2 |. (85)
1
2
The numerical analysis and our analytic consideration
show that the masses of the lightest neutralinos and char-

Lgino do not change much when A, s, or tan vary unless
M, and M, are quite small. The second lightest neutralino
and the lightest chargino are predominantly superpartners
of the SU(2) gauge bosons. Their masses are governed by
|M,|. The lightest neutralino state is basically bino, B,
whose mass is set by |M,].

In Figs. 10(a) and 10(b) we explore the spectrum of
neutralino and chargino in the case when A is less than
g1. The Yukawa coupling A is taken to be 0.3 while the
other parameters remain the same as in Fig. 9. Now the two
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heaviest neutralinos are mixtures of B’ and S. They get
masses larger than 500 GeV as before. However unlike in
the large A limit the other four neutralinos and both char-
ginos can be light enough. Therefore they may be observed
in the nearest future. The composition of the wave func-
tions of the lightest neutralinos and charginos depends on
the choice of the parameters of the model. For the set of A,
tanfB, and s chosen in Fig. 10 the lightest neutralino is still
predominantly bino, B. Till |M,| is less than 200 GeV, i.e.
M| < |wegl, the second lightest neutralino and the light-
est chargino are basically formed by the superpartners of
SU(2) gauge bosons. When |M,|>200GeV (|M,| >
| wese]) the wave functions of the second lightest neutralino
and the lightest chargino are Higgsino dominated.

Obvious disadvantage of the considered scenarios with
A < g} and A > g} in the ESSM is that any pattern of the
masses and couplings of the lightest neutralino and char-
gino, which can be observed at the LHC and ILC, may be
reproduced in the framework of the minimal SUSY model.
This is a consequence of the stringent lower bound on the
mass of the Z' boson set by Tevatron.

VII. Z' AND EXOTIC PHENOMENOLOGY

A. Masses and couplings of new states

The presence of a Z' gauge boson and exotic multiplets
of matter in the particle spectrum is a very peculiar feature
that permits to distinguish Eg inspired supersymmetric
models from the MSSM or NMSSM. At tree level the
masses of these new particles are determined by the VEV
of the singlet field S that remains a free parameter in the
considered models. Therefore the Z' boson mass and the
masses of exotic quarks and non-Higgses cannot be pre-
dicted. But collider experiments [56,57] and precision EW
tests [74] set stringent limits on the Z' mass and Z — Z'
mixing. The lower bounds on the Z' mass from direct
searches at the Fermilab Tevatron (pp — Z' — I117)
[57] are model dependent but are typically around 500—
600 GeV unless couplings of ordinary particles to Z’ are
suppressed such as in leptophobic models [53,75].
Similarly, bounds on the mixing angle are around (2 —
3) X 1073 [56]. As has been already mentioned, even more
stringent constraints on the Z’ mass and mixing follow
from nucleosynthesis and astrophysical observations.
They imply that the equivalent number of additional neu-
trinos with full-strength weak interactions AN, is less than
0.3 (for a recent review, see [76]). This requires My =
4.3 TeV [42]. However these restrictions cannot be applied
to the Z' gauge boson in the ESSM because right-handed
neutrinos here are expected to be superheavy and do not
change the effective number of neutrino species at low
energies.

The analysis performed in [77] revealed that Z’ boson in
the E¢ inspired models can be discovered at the LHC if its
mass is less than 4—4.5 TeV. At the same time the deter-
mination of the couplings of the Z’ should be possible up to
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My ~ 2-2.5 TeV [78]. Possible Z' decay channels in Eg
inspired supersymmetric models were studied in [73].

The restrictions on the masses of exotic particles are not
so rigorous as the experimental bounds on the mass of the
Z' boson. The most stringent constraints come from the
nonobservation of exotic color states at HERA and
Tevatron. But most searches imply that exotic quarks, i.e
leptoquarks or diquarks, have integer spin. So they are
either scalars or vectors. Because of this, new colored
objects can be coupled directly to either a pair of quarks
or to a quark and lepton. Moreover it is usually assumed
that leptoquarks and diquarks have appreciable couplings
to the quarks and leptons of the first generation.
Experiments at LEP, HERA, and Tevatron excluded such
leptoquarks if their masses were less than 290 GeV [79]
whereas CDF and DO ruled out diquarks with masses up to
420 GeV [80]. The production of diquarks at the LHC was
studied recently in [81].

In the ESSM the exotic squarks and non—-Higgses are
expected to be heavy since their masses are determined by
the SUSY breaking scale. Moreover, their couplings to the
quarks and leptons of the first and second generation
should be rather small to avoid processes with nondiagonal
flavor transitions. As a result the production of exotic
squarks and non—Higgses will be very strongly suppressed
or even impossible at future colliders. However the exotic
fermions (quarks and non-Higgsinos) can be relatively
light in the ESSM since their masses are set by the
Yukawa couplings «; and A; that may be small. This
happens, for example, when the Yukawa couplings of the
exotic particles have hierarchical structure similar to the
one observed in the ordinary quark and lepton sectors.
Then Z’ mass lie beyond 10 TeV and the only manifestation
of the considered model may be the presence of light exotic
quark or non—Higgses in the particle spectrum.

The new exotic particles consist of vectorlike multiplets
with respect to the SM gauge group. Hence their axial
couplings to the SM gauge bosons go to zero in the limit
of no Z — Z' mixing reducing the contribution of addi-
tional particles to the electroweak observables measured at
LEP. The contribution of Z' gauge boson to the electro-
weak observables is also negligibly small because it is
supposed to be very heavy so that the mixing between Z
and Z' almost vanishes.

In order to amplify the signal coming from the presence
of additional particles we shall assume further that the
three families of exotic quarks and two generations of
exotic non-Higgsinos, whose masses are determined by
extra Yukawa couplings, are considerably lighter than the
Z' and in this case they can possibly be observed at the
LHC and ILC. Since the analysis of the RG flow performed
in Sec. III revealed that the exotic quarks as well as non-

Higgsino Yukawa couplings tend to be equal we keep
= = — kM) d — _ Aa(M)
Mp1 = Mp2 = Mp3 5 S and Up = M NG

[A(M,) = Ay(M,)] at the EW scale. Moreover to simplify
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our numerical studies we fix the masses of exotic quarks
and non-Higgsinos to be equal to 300 GeV.

Before proceeding to discuss the scope of future col-
liders in testing the features of the ESSM in the Z' and
exotic sectors, we should remind the reader that we assume
the mixing angle between the Z and Z' to be extremely
small. In this case, any vertex involving a Z' boson and
fermions can be written as

_ i81Yu

(v — 8aYs)- (86)

For, e.g. M), = 1.5 TeV, the vector gy(M,) and axial
ga(Mz) couplings take the following values:
(i) charged leptons: gy = Qe, Qec =~(.1081, g4 =
Qe + Qe = (.4910;
(ii) neutrinos: 8y = 8aA =
(iii) u  quarks: QuL
Qu + QM e O 2996
(iv) d quarks gy = QdL - de =~ —0.1637, g4 =
Qu + Qd =~ (.4910;
) exotic D quarks gy = QD
05 + Op = —0.7906;
(vi) fermion partners of extra non-Higgs fields (non-
Higgsinos): gy = QHl QH = —0.1915, g4 =
On, + Op, = —0.7906;
(vil) fermion partners of extra singlet fields (singlinos):
8y = 84 = QS =~ ().7906.

0,, = 0.2996;
O, =0.0278, g4 =

05 =0.1359, g4 =

As for additional couplings, the interaction of exotic
quarks and non-Higgsinos with the neutral SM gauge
bosons y and Z takes the form

. ig
_lngm')’,w _3gV')/,w

respectively, where Q,,, and gy are given as follows:

(i) exotic D  quarks: D =—-1/3, gy=
—20P sin’6y;
(ii) charged non-Higgsinos: E,=—1, gy=

2T3 —20,,sin20y = — 00529W
(ii1) neutral non-Higgsinos: =0, gy =1
For completeness and to fix our conventlons, we also quote
the couplings of the vy and Z bosons to ordinary quarks and
leptons, as
@) ordlnary fermions (quarks and leptons): gy = T3
20Lusin0y, g4 = T3

B. Phenomenology at future colliders

Figure 11 shows the differential distribution in invariant
mass of the lepton pair /™[~ (for one species of lepton [ =
e, u) in Drell-Yan production at the LHC, assuming the
SM only as well as the latter augmented, in turn, by a Z’
field (M, = 1.5 TeV) with and without light exotic quarks
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FIG. 11 (color online). Differential cross section in the final
state invariant mass, denoted by M+ -, at the LHC for Drell-Yan
production (I = e or w only) in presence of a Z' with and
without the (separate) contribution of exotic D quarks or non-
Higgsinos H (both via EW interactions), with wp; = wy; =
300 GeV. Here, M, = 1.5 TeV.

or non-Higgsinos (up; = uy; = 300 GeV) separately.’
This distribution is promptly measurable at the CERN
collider with a high resolution and would enable one to
not only confirm the existence of a Z' state but also to
establish the possible presence as well as nature of addi-
tional exotic matter, by simply fitting to the data the width
of the Z' resonance [78]. In fact for our choice of wp;, i,
and M, the Z' total width varies from = 19 GeV (in case
of no exotic matter) to = 25 GeV (in case of light exotic D
quarks) and to = 21 GeV (in case of light non-Higgsinos).
[Also notice the different normalization around the Z’
resonance of the three curves in Fig. 11, as this scales
like ~TI'(Z' — [*17)/T'(Z' — anything).] Clearly, in order
to perform such an exercise, the Z’' couplings to ordinary
matter ought to have been previously established else-
where, as a modification of the latter may well lead to
effects similar to those induced by the additional matter
present in our model. (Recall that in our model Z' cou-
plings to SM particles and exotic matter are simultaneously
fixed.)

However, if exotic particles of the nature described here
do exist at such low scales, they could possibly be accessed
through direct pair hadroproduction. In fact, the corre-
sponding fully inclusive cross sections are in principle
sufficient to such a purpose in the case of exotic D quarks
(up to masses of the TeV order) while this statement is
presumably true for non-Higgsinos only up to masses of a
few hundred GeV. (Notice that the former are generated via
gluon-induced QCD interactions while the latter via quark-
induced EW ones.) This should be manifest as a close
inspection of Fig. 12.

"Recall that we assume three identical generations of the
former but only two of the latter. Besides, we allow the existence
of only one at a time of either.
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FIG. 12 (color online). Cross section at the LHC for pair
production of exotic D quarks (via QCD interactions) as well
as non-Higgsinos H (via EW interactions), as a function of their
(common) mass, denoted by M. Here, M, = 1.5 TeV.

In practice, detectable final states do depend on the
underlying nature of the exotic particles. The lifetime
and decay modes of the latter are determined by the
operators that break the Z% symmetry. When Z4 is broken
significantly exotic fermions can produce a remarkable
signalture.8 Since according to our initial assumptions the
ZH symmetry is mostly broken by the operators involving
quarks and leptons of the third generation the exotic quarks
decay either via

D—t+ b, D—b+i

if exotic quarks D; are diquarks or via

D—t+#% D—or1+i D—ob+i,

D—’VT+B,

if exotic quarks of type D are leptoquarks. Because in
general sfermions decay into corresponding fermion and
neutralino one can expect that each diquark will decay
further into # and b quarks while a leptoquark will produce
a t quark and 7 lepton in the final state with rather high
probability. Thus the presence of light exotic quarks in the
particle spectrum could result in an appreciable enhance-
ment of the cross section of either pp — ftbb + X and
pp — bbbb + X if exotic quarks are diquarks or pp —
tir* 7~ + X and consequently pp — bbr" 7~ + X if new
quark states are leptoquarks.” In compliance with our

8If Z! is only slightly broken exotic quarks and non-Higgsinos
may live for a long time. Then exotic quarks will form com-
pound states with ordinary quarks. It means that at future
colliders it may be possible to study the spectroscopy of new
composite scalar leptons or baryons. Also one can observe
qua51stable charged colorless fermions with zero lepton number.

“Let us remind the reader that the productlon cross sections of
pp— titbb + X and pp — tit*7~ + X in the SM are sup-
pressed at least by a factor ()7 and (%)%, respectively, as
compared to the cross section of 7 pair production (and, simi-
larly, for ¢ quarks replaced by b quarks).
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initial assumptions non-Higgsinos decay predominantly
into either quarks and squarks or leptons and sleptons of
the third generation as well, i.e.

A —t+7, H —7+
A —b+bh  H — +% A —7
H —b+1i H~ +

NI

b,
H -7 +7

If we assume again that a sfermion decays predominantly
into the corresponding fermion and neutralino then also the
production of non-Higgsinos should lead to a significant
enlargement of the cross sections of 000"0" and
QQO7" 7 production, where Q is a heavy quark of the
third generation, that allows to identify these particles if
they are light enough.

As each t quark decays into a b quark whereas a 7 lepton
gives one charged lepton / in the final state with a proba-
bility of 35%, both these scenarios would generate an
excess in the b-quark production cross section. In this
respect SM data samples which should be altered by the
presence of exotic D quarks or non-Higgsinos are those
involving #f production and decay as well as direct bbh
production. For this reason, Fig. 13 also shows the cross
sections for these two genuine SM processes alongside
those for the exotica. Detailed LHC analyses will be re-
quired to establish the feasibility of extracting the excess
due to the light exotic particles predicted by our model.
However, Fig. 13 should clearly make the point that—for
the discussed parameter configuration—one is in a favor-
able position in this respect, as the rates for the exotica
times their branching ratios into the aforementioned decay
channels are typically larger than the expected four-body
cross sections involving heavy quarks and/or leptons.

I T I
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FIG. 13 (color online). Differential cross section in the final
state invariant mass, denoted by My, at the LHC for pair
production of b, t, and exotic D quarks (all via QCD interac-
tions) as well as non-Higgsinos A (via EW interactions), with
Mmpi = Mg = 300 GeV. Note the rescaling of the rates for the
first and last process. Here, M, = 1.5 TeV.
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FIG. 14 (color online). Energy-dependent hadronic cross sec-
tion at a future ILC in the SM with an additional Z’, with and
without the (separate) contribution of exotic D quarks or non-
Higgsinos A (both via EW interactions), with wp; = wg; =
300 GeV. Here, M, = 1.5 TeV.

The situation will experimentally be much easier at a
future ILC. Here, under the same assumptions as above
concerning their decay patterns, both species of exotic
particles should contribute to the inclusive hadronic cross
section, see Fig. 14. Assuming, again, the mass choice
Mpi = i = 300 GeV, the onset at 600 GeV of the exotic
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FIG. 15 (color online). Cross section at a future ILC for pair
production of exotic D quarks and of non-Higgsinos H (both via
EW interactions), as a function of their (common) mass, denoted
by Mp, for two collider energies. Here, M, = 1.5 TeV.
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pair production threshold would clearly be visible above
the SM continuum (with or without a much heavier Z/,
again, with Mz = 1.5 TeV). The rise of the hadronic cross
section at /s = 2up; = 2mpy; would be different, depend-
ing on the kind of exotic particles being generated, owning
to the different EW charges involved and the fact that three
generations of light D’s can be allowed in our model as

opposed to only two in the case of light H’s (as already
intimated). Furthermore, the line shape of the Z’ resonance
would be different too, depending on whether one or the
other kind of exotic matter is allowed. Both the enormous
luminosity and extremely clean environment of an ILC,
joined with a significant degree of control on the beam
energy spread, should allow one to explore in detail all
such possible features of the hadronic cross section. In fact,
as the actual value of the ILC beam energy has yet to be
fixed and our illustrative choice for wp; and py; may not
correspond to what nature has chosen, we present in Fig. 15
the mass dependence of the pair production cross section
for our exotic states at two reference collider energies, of
700 GeV and identical to the Z' mass. While the scope for
exotic D-quark production at the ILC has probably little to
add to what could be obtained earlier at the LHC, a TeV
scale et e linear collider is definitely crucial in increasing
the discovery reach in mass for non-Higgsinos beyond the
limits obtainable at the CERN hadronic machine.

VIII. CONCLUSIONS

In this paper we have made a comprehensive study of the
theory and phenomenology of a low-energy supersymmet-
ric standard model originating from a string-inspired Eg
grand unified gauge group, which we called exceptional
supersymmetric standard model, or ESSM for short. The
ESSM considered here is based on the low-energy SM
gauge group together with an extra Z' corresponding to
an extra U(1)y gauge symmetry under which right-handed
neutrinos have zero charge. This allows right-handed neu-
trinos to gain large Majorana masses, resulting in the
conventional (high-scale) seesaw mechanism for neutrino
masses. The extra U(1)y gauge symmetry survives to the
TeV scale and forbids the term wH,H, in the superpoten-
tial, but permits the term AS(H,H,), where S is a low-
energy singlet that carries U(1)y charge and breaks the
gauge symmetry when it develops its VEV, giving rise to a
massive Z' and an effective w term. Therefore the u
problem of the MSSM is solved in a similar way to that
in the NMSSM, but without the accompanying problems of
singlet tadpoles or domain walls since there is no S term,
and the would-be Goldstone boson is eaten by the Z’.

The low-energy matter content of the ESSM corre-
sponds to three 27 representations of the Eq symmetry
group, to ensure anomaly cancellation, plus an additional
pair of Higgs-like doublets as required for high-energy
gauge coupling unification. The ESSM is therefore a
low-energy alternative to the MSSM or NMSSM. The
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ESSM involves extra matter beyond the MSSM contained
in three 5 + 5* representations of SU(5), plus a total of
three SU(5) singlets which carry U(1)y charges. Thus
there are three families of new exotic charge 1/3 quarks
and non-Higgs multiplets predicted in the ESSM, in addi-
tion to the Z'.

As in the MSSM, the gauge symmetry of the ESSM does
not forbid baryon and lepton number violating interactions
that result in rapid proton decay. The straightforward gen-
eralization of R parity, assuming that the exotic quarks
carry the same baryon number as the ordinary ones, guar-
antees not only proton stability but also the stability of the
lightest exotic quark. The presence of heavy stable exotic
quarks, that should survive annihilation, is ruled out by
different experiments. Therefore the R-parity definition in
the ESSM has to be modified. There are two different ways
to impose an appropriate Z, symmetry that lead to two
different versions of the ESSM where baryon and lepton
number is conserved. ESSM version I implies that exotic
quarks have a twice larger baryon number than the ordi-
nary quark fields. In the ESSM version II exotic quarks
carry baryon and lepton numbers simultaneously.

Because the supermultiplets of exotic matter interact
with the quark, lepton, and Higgs superfields the
Lagrangian of the ESSM includes many new Yukawa
couplings. In general these couplings give rise to the
processes with nondiagonal flavor transitions that have
not been observed yet. In order to suppress flavor changing
processes and to provide the correct breakdown of gauge
symmetry we assumed a hierarchical structure of the
Yukawa interactions and imposed an approximate Z4 sym-
metry under which all superfields are odd except Higgs
doublets (H, and H,;) and singlet field S. With these
assumptions only one SM singlet field S may have appre-
ciable couplings with exotic quarks and SU(2) doublets
H,; and H,; and the couplings are flavor diagonal. It also
follows that only one pair of SU(2) Higgs doublets H; and
H, have Yukawa couplings to the ordinary quarks and
leptons of order unity. The Yukawa couplings of other
exotic particles to the quarks and leptons of the first two
generations must be less than 10™* and 1073, respectively,
in order to suppress FCNCs. We would like to emphasize
that from the perspective of REWSB these assumptions are
completely natural. Without loss of generality it is always
possible to work in a basis where only one family of
singlets S and Higgs doublets H; and H, have VEVs and
the remaining states do not (the non-Higgs). Then REWSB
makes it natural that the so defined Higgs fields have large
couplings to third family quarks and leptons, while the
non-Higgs fields have small couplings.

We have analyzed the RG flow of the gauge and Yukawa
couplings in the framework of the ESSM taking into
account kinetic term mixing between U(1)y and U(1)y.
Imposing the gauge coupling unification at high energies
we have found that the gauge coupling of the extra U(1)y is
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very close to the U(1)y gauge coupling while the off-
diagonal gauge coupling which describes the mixing be-
tween U(1)y and U(1)y is negligibly small. Since by
construction extra exotic quarks and non-Higgses fill in
complete SU(5) representations the grand unification scale
remains almost the same as in the MSSM. At the same time
the overall gauge coupling g, that characterizes gauge
interactions above the scale My is considerably larger
than in the MSSM: g, = 1.21. The increase of the gauge
couplings at the grand unification and intermediate scales
in the ESSM is caused by the extra supermultiplets of
exotic matter.

The growth of g;(Q) relaxes the restrictions on the
Yukawa couplings coming from the validity of perturbation
theory up to the scale My as compared with the MSSM. In
particular A, and A can take larger values at the EW scale
than in the constrained MSSM and NMSSM. If the top-
quark Yukawa coupling is large at the grand unification
scale, i.e. h,(My) = 1, the solutions of the RG equations
for the Yukawa couplings in the gaugeless limit approach
the invariant line and along this line are attracted to the
quasifixed point where A(M,) is going to zero. After the
inclusion of gauge couplings, the valley along which the
solutions of RG equations flow to the fixed point disappear
but their convergence to the fixed point becomes even
stronger. The analysis of the RG flow shows that the
Yukawa couplings of top and exotic quarks tend to domi-
nate over the Yukawa couplings of non-Higgs supermul-
tiplets that are considerably larger than A at the EW scale.
However the solutions for the Yukawa couplings are con-
centrated near the fixed points only when h,(My) is large
enough that corresponds to tan8 =~ 1 — 1.1. At moderate
and large values of tanf the values of the Yukawa cou-
plings at the EW scale may be quite far from the stable
fixed point. As a result for values of tan8 = 1.5 the cou-
pling A(M,) can be comparable with the top-quark Yukawa
coupling.

We have used the above theoretical restrictions on tanS
and A for the analysis of the Higgs, neutralino and chargino
sectors of the ESSM. Although the particle content of the
ESSM involves many particles with similar quantum num-
ber only one singlet field S and two Higgs doublets H, and
H, acquire VEVs breaking the SU((2) X U(1)y X U(1)y
symmetry. Since the Higgs sector of the ESSM contains
only one new field S and one additional parameter com-
pared to the MSSM it can be regarded as the simplest
extension of the Higgs sector of the MSSM. As in the
MSSM, the ESSM Higgs sector does not provide extra
sources for the CP violation at tree level. The ESSM
Higgs spectrum includes three CP-even, one CP-odd,
and two charged states. The singlet dominated CP-even
state is always almost degenerate with the Z' gauge boson.
The masses of another CP-even and charged Higgs fields
are set by the mass of pseudoscalar state m,. The lightest
CP-even Higgs boson is confined around the EW scale.
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The superpartners of the Z' boson and singlet field S also
contribute to the ESSM neutralino spectrum while the
number of states in the chargino sector remain the same
as in the MSSM. The masses of extra states in the neutra-
lino sector are governed by M.

The qualitative pattern of the Higgs, neutralino, and
chargino spectra in the ESSM is determined by the
Yukawa coupling A. When A < g; (the MSSM limit of
the ESSM) new states in the Higgs and neutralino sectors
become very heavy and decouple from the rest of the
spectrum making them indistinguishable from the MSSM
ones. In the case when A = g/ the lightest Higgs scalar can
be heavier than in the MSSM and NMSSM. In this case the
vacuum stability requirement constrains m, so that the
heaviest CP-even, CP-odd, and charged states lie beyond
the TeV range. It means that in this case only the lightest
Higgs scalar can be discovered at the LHC and ILC. We
have found that the mass of the lightest Higgs particle does
not exceed 150 GeV.

If A = g, then the heaviest chargino and neutralino are
formed by the neutral and charged superpartners of the
Higgs doublets H, and H,. Extra neutralino states are
lighter than the heaviest one but still too heavy to be
observed in the near future. The lightest chargino is pre-
dominantly the superpartner of W* gauge bosons while the
lightest neutralino state is basically bino. We have obtained
the approximate solutions for the masses and couplings of
the Higgs particles as well as for the masses of the lightest
neutralino and chargino.

As we have already mentioned the ESSM predicts the
existence of many new exotic quarks and non-Higgsinos.
They compose vectorlike multiplets of matter with respect
to the SM gauge group, so that the axial couplings of the
SM gauge bosons to exotic particles vanish. As a conse-
quence their contributions to the EW observables measured
at LEP are suppressed by inverse powers of their masses.
The contribution of the Z' is also negligibly small since the
latter is supposed to be very heavy and practically does not
mix with the Z boson. At the same time Z', exotic quarks
and non-Higgsinos can be produced directly at future
colliders if they are light enough. The lifetime of new
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exotic particles is defined by the extent to which the Z¥
symmetry is broken. If Z¥ was exact the lightest exotic
quark would be absolutely stable. Since we have assumed
that Z% is mainly broken by the operators involving quarks
and leptons of the third generation the exotic quarks decay
into either two heavy quarks QQ or a heavy quark and a
lepton Q7(v,), where Q is either a b or ¢ quark. If exotic
quarks are light enough they will be intensively produced
at the LHC. In the case when Z! is broken significantly this
results in the growth of the cross section of either pp —
0000 + X or pp— QOITI™ + X, with [ = ¢, . If
the violation of the Z¥ invariance is extremely small then a
set of new baryons or composite leptons containing quasi-
stable exotic quarks could be discovered at the LHC. As
compared with the exotic quarks the production of non-
Higgsinos will be rather suppressed at the LHC. In con-
trast, at an ILC the production rates of exotic quarks and
non-Higgsinos can be comparable allowing their simulta-
neous observation. The Z’ gauge boson has to be detected
at the LHC if it has a mass below 4-4.5 TeV.

The ESSM can in principle be derived from a rank-6
model which naturally arises after the breakdown of the Eg
symmetry via the Hosotani mechanism near the string or
grand unification scale My. The discovery at future col-
liders of the exotic particles and extra Z’' boson predicted
by the ESSM would therefore represent a possible indirect
signature of an underlying E¢ gauge structure at high
energies and provide circumstantial evidence for super-
string theory.
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